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Abstract 
 
Glass and glass ceramic sealants are developed for high temperature planar SOFC 
meeting the requirements of high thermal expansion (11.0 to 12.0⋅10-6 K-1), high 
electrical resistance > 2 kΩ/cm2, good thermochemical compatibility with the other 
fuel cell materials, and stability under H2 and H2O atmospheres at an operation 
temperature of 800 oC for over 40,000 h.  Experimental results in terms of 
crystallization behavior, thermal expansion coefficient, crystalline phase content, 
wetting and joining properties, microstructure, interfacial reaction mechanisms, as 
well as the long term stability of the thermal expansion coefficient, mineral phases, 
sticking, and stability against reactive evaporation were discussed. Compositions of 
glasses were developed by a theoretical approach termed constitutional compound 
calculation. Glasses from the system BaO-CaO-Al2O3-SiO2 (B-C-A-S) display high 
thermal expansion, higher than glasses from the system MgO-CaO-Al2O3-SiO2. After 
performing a systematic investigation to the entire BaO-CaO-Al2O3-SiO2 system, the 
properties of suitable glass were optimized by additional oxides. Finally, a specific 
formula termed S25 was found to be the optimum sealant. Long term stability tests 
showed good sticking, low evaporation loss, and good gas tightness. Observations 
by heating microscope, DTA, and investigation of the interfacial microstructure lead 
to a conclusion that good sticking requires a low viscosity, low surface tension and 
slow crystallization. Interlocking between glass sealant and steel was achieved under 
joining conditions in a strong reducing atmosphere. 
 
 
 
 
 
 
Kurzfassung 
 
Glas- und Glaskeramiklote wurden für planare Hochtemperatur-Brennstoffzellen 
enwickelt. Die Anforderung an das Glaslot war: hoher thermischer 
Ausdehnungskoeffizient (11.0-12.0⋅10-6 K-1), hoher elektrischer Widerstand (mehr als 
2 kΩ/cm2), gute thermochemische Kompatibilität mit den übrige Werkstoffen der 
Brennstoffzelle und Langzeitstabilität in H2- und H2O- Atmosphäre bei 800 oC für 
mehr als 40,000 Stunden. Als Ergebnisse werden der kristalline Phasenbestand, der 
Benetzungswinkel, die Fügeeigenschaften, das Gefüge, die Reaktionsmechanismen 
in der Zwischenschicht, sowie die Langzeitstabilität des thermischen 
Ausdehnungskoeffizienten, des Mineralphasenbestandes, der Haftung und der 
Stabilität gegen Verdampfung diskustiert. Die Zusammensetzungen der Gläser 
wurden anhand der konstitutionellen Komponenten berechnet. Gläser aus dem 
System BaO-CaO-Al2O3-SiO2 (B-C-A-S) haben einen höheren thermischen 
Ausdehnungskoeffizienten als Gläser aus dem System MgO-CaO-Al2O3-SiO2. Nach 
einer systematischen Untersuchungen des gesamten BaO-CaO-Al2O3-SiO2-Systems 
und der daraus folgenden Optimierung der Fügeeigenschaften durch Zusatz weiterer 
Oxide wurde das Glas S25 als Optimum gefunden. Langzeitversuche zeigten für die 
Fügung mit diesem Glas sehr gute Haftung, wenig Masseverlust und gute 
Gasdichtigkeit. Beobachtungen im Erhitzungmikroskrop, mit DTA, und 
Untersuchungen des Gefüges der Reaktionsschicht zeigen, dass das Glas für gute 
Haftung niedrige Viskosität, niedrige Oberflächenspannung und langsame 
Kristalisations-geschwindigkeit braucht. Die Verzahnung zwischen Glaslot und 
Chromstahl unter Fügebedigungen in stark reduzierender Atmosphäre wurde 
erreicht. 
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Introduction 1 
1. Introduction 
 
1.1 Economic interest and principle of the planar Solid Oxide Fuel Cell (SOFC) 
 
A Solid Oxide Fuel Cell (SOFC) is an energy conversion device using the 
electrochemical combination of a fuel gas with an oxidant to produce electricity. 
There is a variety of fuel cell types [1, 2] (see chapter 3.2). In principle, a SOFC 
requires the reactions between O2 and a fuel gas through a ceramic membrane. 
Figure 1 illustrates the function of a SOFC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Principle of electrochemical energy conversion to electricity by a SOFC 
 
On the cathode side, O2 from the air passes through the cathode layer (a strontium 
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    O2 +   4e-  =  2O2-           (1) 
is established. Oxygen atoms diffuse through the dense electrolyte layer made from 
yittrium stabilized zirconia YSZ to the anode layer (Ni-YSZ cermet). On the anode 
side, hot fuel gas containing H2 and CO passes through porous Ni-YSZ anode and 
reactions of  
 CO  +  O2-   =   CO2 + 2e-   , (2) 
2H2   +  2O
2-   =    2H2O  + 4e- ,  (3) 
2H2 + 2O2- = 2H2O + 4e- 
CO + O2- = CO2 + 2e- 
O2 + 4e- = 2O2- 
O2- O2- O2- O2- O2- 
cathode 
(50 µm) 
electrolyte 
(15 µm) 
anode 
(200 µm) 
- 
+ 
user 
fuel (methane, H2, CO) 
N2 
wasted gases, H2O, CO2 
air (O2, N2) 
Introduction 2 
take place. If the anode and cathode sides are contacted by a metallic conductor, an 
electric current flows. The planar SOFC is designed for stationary power plants 
ranging from 0.5 MW to 20 MW. 
 
Among the SOFC designs attracting high commercial interest, there are four common 
stack types, i.e., tubular, segmented-cell-in series, monolithic, and flat-plate type cells 
(see details in chapter 3.2). The Research Center Jülich (FZJ) focuses on the 
development of a planar concept because of its several advantages. The planar 
SOFC design is flexible for fabrication. Two dense components, the electrolyte and 
the interconnector, can be fabricated independently by several methods. This offers 
the possibility to produce very thin components that can reduce ohmic loss and allow 
to minimize the operation temperature. Due to the use of relatively inexpensive 
materials, cost reduction is a further benefit. Furthermore, the planar SOFC has a 
much higher performance and power density than sealless tubular and segmented-
cell-in-series designs.  
 
The planar SOFC design from FZJ consists of four material types, i.e., anode, 
cathode, electrolyte, and interconnector. In principle, they are assembled as shown in 
figures 2 a-c.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Assembly of SOFC stacks: a) modeling of B-design (see 3.3.4), b) cross  
section, and c) geometry of the sealant in the SOFC stack 
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An anode substrate made of nickel yttrium stabilized zirconia cermet (Ni-YSZ; 
1-2 mm thick) is coated on one side with thin electrolyte (YSZ; 15-20 µm) and on top 
of the electrolyte with the cathode layer (La0.65Sr0.3MnO3). Ni mesh is used as contact 
layer on the anode side, and LaCoO3 is applied as contact layer on the cathode side. 
Ferritic 18 % Cr steel no. 1.4742 (X10 AlCr18; 17.05 wt. % Cr, 1.1 wt. % Al, 1.0 wt. % 
Si, 0.34 wt. % Mn, 0.068 wt. % C, 0.019 wt. % P, and 0.001 wt. % S) is used as 
interconnector. An individual cell of a SOFC consists of interconnector, Ni mesh, 
anode, electrolyte, cathode and contact layer. These parts are separately produced 
before assembly, and in order to achieve more power, cells are stacked on top of one 
another. This can be done with cell sizes 50 x 50 mm2 to 250 x 250 mm2 using 2 to 
65 stacks in different stack designs. 
 
1.2 Restrictions of the planar SOFC concept  
 
There are, however, some significant problems of the planar SOFC which need to be 
solved. The assembly of SOFC stacks requirs high-temperature gas tight seals at the 
edges of the plates. Very rarely issues of SOFC sealing are discussed in terms of 
composition in the open literatures [3,4-14] because of high commercial competition. 
Seals may generate a non-uniform stress distribution due to thermal expansion 
differences. In this case, cracking in the interfacial layers may occur. Limitation of 
stack height due to mismatches in tolerance creating unacceptable stress levels are 
also to be taken into account. High contact resistance may occur in a planar SOFC 
because of a limited contact between the anode of a cell to the cathode of the next 
cell in the stack. [15]. 
 
1.3 Key needs for solving the restrictions of SOFC 
 
Electricity produced by SOFC is a promising technology, which may contribute to 
future energy supply systems, in specific, decentralized systems. However many 
restrictions have to be overcome to achieve a performance at competitive costs. 
 
1.3.1 Gas tightness 
 
The most important function for the SOFC system is the prevention of a direct mixing 
of gases, i.e., fuel gas and air during operation at high temperature for over 40,000 h 
with multiple thermal cycling between room and operation temperature. Any leakage 
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of fuel into the air (or air into the fuel) would lead to a direct combustion which cause 
local overheating (hot spots), degradation of a power density, finally followed by a 
shut-down of the overall system. For the planar SOFC designed at FZJ, sealant 
glasses are used to join the interconnectors (ferritic 18 % Cr steel; α = 12-14⋅10-6 K-1, 
see figure 2) to each other and to ceramic substrates (α = 11⋅10-6 K-1). The sealants 
should therefore meet several specific requirements explained in detail in chapter 
2.1. 
 
1.3.2 Thermal cycling 
 
Due to the requirement of a minimum operation time of 40,000 h, the SOFC must 
withstand multiple thermal cycling between room and operation temperature for at 
least 20 cycles (1 cycle within 4 months). To meet this requirement, optional 
sealants, an optimal design of the SOFC, and a good assembling process are 
needed. Failure of a single small part in the stacks may cause an overall system 
damage. 
 
1.3.3 Limitations of cell size, and ohmic losses 
 
Most planar SOFC concepts are based on a 100-300 µm thick self-supporting 
electrolyte (YSZ) coated with thin porous electrodes and assembled between metallic 
or ceramic interconnector plates. The cell dimensions are limited by their mechanical 
stability; state of the art units reach 250 x 250 mm2. On the one hand, the power 
output is limited by the ohmic losses within the thick electrolyte, and on the other 
hand, this thickness is required for stability reasons. To solve this restriction, FZJ has 
been developed a planar SOFC concept using a 1-2 mm thick substrate anode (Ni-
YSZ cermet) coated with a thin electrolyte of only 15-20 µm and a thin cathode. High 
power densities of 500 mA/cm2 at operation temperature of 800 oC from a cell area 
250 x 250 mm2 are achieved [16-18]. 
 
1.3.4 Reduction of the ohmic losses via high contact resistance 
 
It is difficult to achieve a perfect contact between interconnector and electrodes. The 
larger the cell area is the higher the electrical resistivity. In order to achieve good 
electrical conductivity, Ni mesh is used as an anode contacting layer. This Ni mesh 
provides a sufficient number of contact points. Thus, the formation of electrically 
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insulating corrosion products can be practically ruled out. Further improvement of the 
contacting layer by Ag pinning showed even better conductivity [15]. Despite a weight 
loss due to vaporization, the good electrical conductivity of Ag at operation 
temperature remains stable long-term. The vaporization loss rate of silver is kept low 
due to the small silver surface exposed to the gas volume. 
 
1.3.5 Realization on an economic scale 
 
Planar SOFC has many benefits over other designs (see details in 3.3), however, the 
technology progress seems to be restricted due to its difficulty of gas tight assembly. 
Only output power of 100 W to 10 kW for several hundred hours of the planar SOFC 
were compared with 100-220 kW power output of the tubular sealless design for over 
13,000 h operation time [10, 19]. According to this restriction, a tubular concept in 
large scale power generation over 100 kW, is used. A planar design is, therefore, 
aimed for a small scale power generation for housing and auxiliary. At present, both 
concepts have too high electrical power cost. The price would, however, be rapidly 
decrease if the restrictions of the gas tight assembly of the SOFC stack are solved, 
and productions are scale up to a more automated process. 
 
1.4 Objective and scope 
 
In order to fulfill the above restrictions, several developments and improvements 
have to be done under the co-operation between Institute for Mineral Engineering 
(GHI) and Research Center Jülich (FZJ). 
 
The aim of this work is to develop crystallizing glass sealants for the planar SOFC by 
using constitutional compound calculation (CCC) as a tool to compose glass 
compositions. After that, a systematic investigation is approached to the entire BaO-
CaO-Al2O3-SiO2 (B-C-A-S) system. Additions of some transition metal oxides are 
required to optimize final joining properties. Experimental results in terms of 
crystallization behavior, thermal expansion, crystalline phases, wetting and joining 
properties, microstructure of the interface reaction layer, and long term stability of the 
sealants are discussed. 
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1.5 Literature survey  
 
In order to solve the problem of gas tight seals for the planar SOFC, different sealing 
types such as cement, glass, and glass-ceramic have been mentioned by Minh [20]. 
Ley et al. [4] developed a SrO-La2O3-Al2O3-B2O3-SiO2 glass-ceramic sealant. The 
thermal expansion coefficient (α) of the glasses are in the range of 8-13⋅10-6 K-1 
which matches well with the SOFC components. However the evaporation loss 
during long term application is expected to be high due to a B2O3 concentration over 
20 wt. %. Ralph et al. [5] mentioned a successful gas tight seal of the solid mica 
gasks which was later utilised in a stack by Kim et al. [6]. Glasses in the system AO-
Al2O3-SiO2-B2O3 (A=Ba, Ca, Mg) have been reported by Lahl [7] as sealants for 
planar SOFC from FZJ. Most glass compositions were magnesium aluminosilicate 
with additions of TiO2, ZrO2, Cr2O3 and NiO. The kinetics of the crystallization 
behavior was discussed. In an in-house report from FZJ [8], good joining properties, 
however, a poor reproducibility in the crystallization of MgO-Al2O3-SiO2-B2O3 glasses 
were reported. Graded expansion seals by lamination and co-sintering of glass-
ceramic powders were studied by Budd [9] in order to achieve high α. Successfully 
high α ranging from 8 to 16⋅10-6 K-1 were reported. Diekmann [3] and Batfalsky et al. 
[10] used MgO-Al2O3-SiO2 (M-A-S) glasses for SOFC joining. They found, however, 
very poor α match between alkali-free aluminosilicate glass (Schott 8390) and the 
interconnector (Cr5FeY2O3). With a new design of the stack assembly, a replacement 
of Cr5FeY2O3 interconnector by high chromium steel X10 CrAl18 (1.4742), and the 
development of a new glass SGK-J5 in the system M-A-S by Durschang [11], a better 
gas tight joint was achieved with leakage rates down to 10-6 mbar⋅l/s.  However, glass 
SGK-J5 was not suitable due to its poor reproducibility. Sealing materials for planar 
SOFC at Dornier have been reported by Monreal et al. [12]. Silicate based glasses 
and glass-ceramics for sealing at the fuel side and calcium aluminate cement mixed 
with 20-30 vol. % silicate based glass at the air side were recommended. Gas tight 
40-cell-stacks running for over 6,000 h were achieved. Nevertheless, these joining 
materials are designed for the LaCrO3 connector with α of 10.4⋅10-6 K-1 instead of a 
high chromium steel with α of 12-14⋅10-6 K-1. Lassen and James [13] studied the 
chemical stability of MgO-CaO-Cr2O3-Al2O3-B2O3-P2O5 glass sealants. A significant 
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volatilization of 0.2-1.4 mg/(cm2⋅h) was observed. Finite element analysis of the 
stress and strain tolerance in SOFC manifolds was reported by Schwab et al. [14].  
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2. Glass sealants 
 
2.1 Requirement for sealant glasses 
 
As described in 1.3.1 and 1.3.2, gas tight seals with thermal cycling ability are 
challenging development tasks. To fulfill these conditions, the glass sealants have to 
meet the following requirements: 
- high thermal expansion coefficient α = 11-12⋅10-6 K-1, 
- high electrical resistance >2 kΩ/cm2, 
- good thermochemical compatibility with SOFC materials, (no harmful 
reaction with joining partners), 
- stability under H2 + H2O atmospheres, 
- long application time over 40,000 h, including thermal cycling, 
- good adhesion during joining at 800-900 oC, 
- gas tightness. 
 
First, glass or glass ceramic sealants should have a high α compatible with the 
interconnector (ferritic 18 % Cr steel no.1.4742, α = 12-14⋅10-6 K-1) and the ceramic 
substrate (anode + cathode + electrolyte, α = 12⋅10-6 K-1). Minor α deviations of ∆α < 
0.3⋅10-6 K-1 are acceptable. However, in order to avoid principal tensile stress, the α 
of the glass should be slightly smaller than the α of the steel. Beyond this it should be 
noticed that thermal cycling resistance depends, not only on α compatibility, but also 
on a well designed assembly of the SOFC stacks.  
 
Second, the sealants should behave as electrically insulating material in order to 
prevent short circuits between different layers of the stack. Third, thermochemical 
compatibility (no harmful reactions with SOFC materials) is required. Fourth, they 
should have a sufficiently low viscosity at joining temperature. Finally, in order to 
ensure a long application time of over 40,000 h, evaporation losses due to reactions 
in H2 + H2O atmospheres should be kept as low as possible. 
 
According to the above requirements, alkali-free glass sealants were used in order to 
enhance stability against evaporation in reducing atmospheres [21-24], to increase 
electrical insulating properties [21-23], and to prevent harmful reaction with the 
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interconnector. The evaporation of Cr from the interconnector has been found to be 
dramatically promoted by alkali oxide vapor from the glass solder [11]. This caused a 
limitation of operation time through degradation of the cathodes by Cr contamination. 
Furthermore, some oxides which have high volatility such as P2O5 [13], B2O3, and 
PbO should be avoided or minimized. 
 
2.2 Glass or glass-ceramic to metal seals 
 
Glasses or glass-ceramics are widely used as sealing materials for several joining 
partners (glass, ceramics, and metal), because they can be easily formed as 
hermetic seals in useful shapes. They can also provide electrical insulation, have 
high chemical stability under corrosive or oxidizing environments, and can be applied 
by inexpensive processes like screen printing or extruding. Various classifications of 
glass-metal seals are given by Tomsia [25]. A large number of glass sealants was 
compiled by Donald [26]. Two sealant types, i. e., glass-metal, and glass-ceramic-
metal seals are discussed in this work. 
 
2.2.1 Glass to metal seals  
 
According to a traditional definition, glass is an inorganic product of fusion that has 
been cooled to a solid condition below its glass transition temperature, Tg, without 
crystallization. As compared to a crystal, glass has a higher specific volume. Figure 3 
illustrates the difference between a glass and a crystalline solid. 
 
Glass above Tg would crystallize to a thermodynamically more stable state if either a 
high enough temperature or a long enough time were available. Upon cooling, many 
compositions of oxide melts can form glasses, while other compositions readily 
crystallize. The compositional range of glass formation can be expanded by 
increasing the cooling rate.  
 
As a conventional concept, three groups of functional oxides: network-formers, 
network-modifiers, and intermediate oxides, are classified. Network formers including 
Si, Ge, B, As, and P are capable of forming three-dimensional network structures 
(inorganic polymers). Modifying oxides of alkaline and alkaline earth elements cannot 
form a continuous network by themselves, but their presence leads to a weakening of 
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the polymeric glass structure. Intermediate oxides (for example Al2O3) are capable of 
taking part in the network but are unable to form a glass by themselves. This concept 
is approximately 100 years old and still maintains some merits and provides some 
guidelines for glass developers. Modern concepts of glass formation are based on 
thermodynamics and statistical mechanics. In the present work, however, glass 
forming system are searched empirically. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Illustration of the glassy and crystalline state of a one-component system, 
visualized by the change of molar volume (∆Vm) [21, 25] 
 
2.2.2 Glass-ceramic to metal seals 
 
Glass-ceramics were originally discovered in the 1950s [27]. This new class of 
materials is a product obtained from converting glass into a crystalline state. The 
process is controlled by a suitable compositional design, and by using the intrinsic 
nucleation and crystallization kinetics. Additions of so-called nucleation agents cause 
a crystallization onset at many sites all over the volume resulting in a fine 
microstructure. The crystallization from conventional glass normally occurs by the 
nucleation of crystals at external surfaces and growth inwards, which give rise to a 
weakening of mechanical properties due to stress concentration because of the 
formation of large anisotropic crystals. However, controlling the crystallization 
process of suitable glass compositions can lead to very good mechanical and other 
properties because of the uniform, small, interlocking, and randomly orientated 
crystals. Suitable nucleating agents are: metals, oxides, metallic halides, or metallic 
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sulphides. The most common nucleating agents for silicate systems are TiO2, ZrO2, 
P2O5, and MoO3 [26, 28]. They are supposed to form a precipitation of small 
crystalline compounds, by reacting with a constituent of the glass (e. g., TiO2 reacts 
with MgO to form MgTiO2). These nuclei will later grow when the temperature is 
raised. Glass ceramics can be fabricated by either bulk or powder processing 
methods. Both processes require two steps of heat treatment, nucleation (at a 
temperature between Tg and TD; dilatometric softening temperature) and crystal 
growth (at the maximum crystallization temperature Tmax). In contrast to powder glass 
ceramic processing, the fabricated products are sintered in the viscous stage, and at 
the same time, the crystals start to grow from sites on the surfaces of glass grains. 
Finally, a crystalline microstructure is obtained. Most glass ceramic sealants are 
applied as glass frits and crystallized during joining. Their major advantages are a 
wide range of practical α (from negative to high positive), gas tightness, and higher 
durability than glass seals. Different types of glass-ceramic products and glass-
ceramic sealants are given by Tomsia et al. [25], Donald [26], Pinckney [28], McHale 
[29], and Hudecek [30]. 
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3. Fuel cells 
 
3.1 Fuel cell types 
 
There are varieties of fuel cell systems, which are under commercial development. 
They are usually identified by the type of electrolyte incorporated within the cell as 
described in figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Fuel cell types (re-designed from [1, 3]) 
 
3.1.1 Alkaline Fuel Cell (AFC) 
 
The AFC has been successfully developed since 1953 with a current density of 
230 mA/cm2 at 0.8 V by Bacon [31]. Six years later the cell was improved to 
400 mA/cm2. In the same year, the technology was licensed to Pratt & Whitney 
(P&W) which contained a further development for Apollo space modules that allowed 
the NASA astronauts to land on the moon in 1969. The KOH electrolyte has a very 
high corrodibility, but a much higher solubility for molecular oxygen than acid 
electrolyte. Most developers terminated the development of AFC systems due to the 
major disadvantage of performance degradation caused by the reaction of KOH 
electrolytes with CO2 impurities. In space applications, the situation is completely 
different, as pure O2 and H2 can be used. By product of AFC is H2O, which is very 
important as portable water for the astronauts. 
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3.1.2 Polymer Electrolyte Membrane Fuel Cell (PEMFC) 
 
The PEMFC was first initiated by General Electric Company in the 1950’s as 
alternative space capsules. However, due to its low power density of 50 mW/cm2, the 
AFC system was selected for the Apollo space program. The PEMFC technology 
was ensured in the 1960’s to be continued when superior perfluorinated sulphonic 
acid polymer, Nafion, was introduced. The high cost of noble metal as catalysts, i. e., 
Pt was overcome by a new technology to produce electrolytes with 0.4 mg Pt/cm2 
[32]. Thus, the PEMFC became relevant for a wide range of economic targets: 
electric vehicle, mobile telephones, laptop computers and other electronic equipment.  
 
3.1.3 Phosphoric Acid Fuel Cell (PAFC)  
 
The PAFC is more CO2 tolerant than the FEMFC because of its higher operation 
temperature of 200 oC. Most of its development nowadays focuses on the 
International Fuel Cell IFC (Pratt & Witney) 200 kW PC25C unit. In 1990, a cell type 
named ONSI was established between IFC and Toshiba. Since then almost 200 units 
of ONSI-PC25 have been installed worldwide with excellent operation performance 
over 25,000 h at 95 % availability [33]. In spite of its impressive reliability and 
satisfaction of relevant technical specification, penetration through the market has 
been disappointing due to many further development needs. Too high energy cost 
(~$ 2500 / kW) and low electrical efficiency are some of the problems. PAFC uses 
100 % H3PO4 as electrolyte and hydrophobic PTFC (Teflon)-bonded nanosized 
crystalline Pt as electrode. 
 
3.1.4 Molten Carbonate Fuel Cell (MCFC) 
 
The MCFC was invented by Broers from The Netherlands in 1958 [34]. Over the past 
25 years, most components of MCFC stacks have essentially remained unchanged. 
The MCFC requires Ni-Cr as anode, NiO (Li) as cathode, Li2CO3:K2CO3:Na2CO3 in 
the ration of 60:20:20 as electrolyte, and stainless steel no. 310s as separator. Even 
though MCFC was not successful in the large scale 1.8 MW test, it is now believed to 
be an appropriate strategy for small scale (~250 kW) development. Uncertainty of the 
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stack endurance for over 40,000 h due to corrosion and vaporization of the molten 
salt still has to be clarified. 
 
3.1.5 Solid Oxide Fuel Cell (SOFC) 
 
The SOFC was first discovered in 1899 by Nernst [35]. Due to several advantages 
mentioned in chapter 3.2, a variety of high temperature HT-SOFC concepts, namely 
in tubular segment-series, monolithic, and flat-plate design, are being developed. 
Further details are discussed in chapter 3.3. These SOFC types are designed for 
operation temperatures between 800 and 1000 oC.  
 
Because of the limited ionic conductivity of YSZ electrolyte below 700 oC, a new 
electrolyte named CGO (Ce0.9Gd0.1O1.95) was developed and proposed for a 
temperature range of 500 to 750 oC [1, 20, 36]. However, degradation of its 
performance due to reduction of Ce4+ to Ce3+ at elevated temperature remains a 
major problem. 
 
3.2 Detailed description of the Solid Oxide Fuel Cell (SOFC) 
 
In 1839, Grove [37] had first demonstrated a principle of room temperature 
electrochemical cell using dilute sulphuric acid as electrolyte. Sixty years later, Nernst 
[35] invented ceramic fuel cells using solid oxide electrolytes for high temperature. 
His innovation was firstly realized by Baur and Preis [38] at the operation temperature 
of 1000 ºC in 1937. Since then, ceramic fuel cell technology has show an excellent 
technical progress and received much attention recently because of several 
advantages over the other fuel cell types [20, 3]. The SOFC contains non-precious 
materials in a liquid-free system, which eliminates much of the material corrosion and 
electrolyte management problems. It is designed for operation temperatures above 
600 oC, which is useful for internal reforming of hydrocarbon fuels. Figure 5 indicates 
the benefit of minimum fuel processing costs in the SOFC. The type of fuel and its 
storage also play a significant role for a trend to develop fuel cell types. Although low 
temperature fuels cells reach high performance with pure H2, their production costs 
are relatively high, and they require large H2 storage tank. Lightweight cylinders for 
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compressed hydrogen (300 bar) are being developed [39]. The work continues in the 
development of metal hydrides [40]. However, they show less efficiency of energy 
density compared to liquid or liquefied fuel. Only the SOFC can use methanol directly 
(direct methanol fuel cell, DMFC); there is no additional requirement of external 
hydrogen production unit. Furthermore, the SOFC can be fabricated in very thin 
layers with unique shapes and designs because all components are solid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Fuel cell types and influence of fuel processing 
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due to the electron exchange between oxygen atoms and cation vacancies. Among 
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(La0.65Sr0.35MnO3) is a promising cathode material for SOFC. LaMnO3 with 
substantial lanthanum deficiency, however, shows conductivity drops due to a 
reaction with the YSZ electrolyte to form a lower conductivity phase (2.5 orders 
lower) La2Zr2O7. Another material suggested for the cathode is doped LaCoO3 with 
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the same p-type conductivity as LaMnO3. FZJ used LaMnO3 as cathode, and LaCoO3 
as cathode contacting material. Due to its instability against reducing atmospheres 
and too high α of LaCoO3, the application for the whole cathode layer is limited. 
Because of a minimization trend of the operation temperature to less than 700 oC, 
new types of cathode such as LaCoO3 doped with Ni, Fe and Cu have been studied 
and proposed by Argonne National Laboratory (ANL) [5]. Furthermore, Sr dopant 
does not increase the oxygen vacancy concentration, but rather oxidizes the 
manganese, which increase number of electron-hole pairs. The absence of oxygen 
vacancies leads to an unacceptable performance of Sr-doped LaMnO3 cathode for 
low temperature application. 
 
3.2.2 Anode 
 
The main function of the anode is to facilitate the adsorption and oxidation of 
hydrogen from the fuel stream, thus permitting the oxygen ions from the electrolyte to 
combine with the hydrogen to form water and release electrons to the external circuit. 
The anode must therefore show predominantly electronic conduction (~6 times better 
than the cathode [15]). Ni-YSZ cermets were developed by Westinghouse Electric 
Corporation as anode material in an attempt to provide electronic conductance and, 
in addition, to better match the α of the anode to the YSZ electrolyte [43]. Its 
electrical conductivity depends strongly on the nickel content and its microstructure. 
Nickel contents around 30 vol. % have been suggested for an optimum conductivity 
and a good α match between anode and electrolyte. 
 
3.2.3 Electrolyte 
 
Because of the porous nature of the cathode and anode, the electrolyte material is 
exposed to both oxidizing and reducing atmospheres. The electrolyte must therefore 
be stable under both conditions. Furthermore, high ionic conductivity of the 
electrolyte is required due to its main function of oxygen transport from the cathode to 
the anode. The first and only practical material that has fully met these requirements 
is YSZ [20]. ZrO2, in its pure form, has too low ionic conductivity. Its crystal structure 
changes from monoclinic (m) to tetragonal (t) at above 1170 oC (3-5 % volume 
change) and to a cubic fluorite structure above 2370 oC.  Additions of certain dopants 
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(CaO, MgO, Y2O3, Sc2O3 and some rare earth oxides) can stabilize the cubic 
structure of ZrO2 down to room temperature and, at the same time, increase its 
oxygen vacancy concentration due to a substitution of di- or trivalent cations for the 
host lattice cation Zr4+. The oxygen conductivity of stabilized ZrO2 is independent of 
oxygen partial pressure, but depends on the dopant concentration only. Yttrium 
stabilized zirconia (YSZ) is most frequently used because of availability and cost, 
although it does not yield the highest conductivity. New SOFC designs are focusing 
on reducing the thickness of the YSZ layer, so that a similar resistance can be 
achieved at lower temperatures. However at a certain thickness, the oxygen 
movement from outside towards the electrolyte becomes the rate-limiting step, and 
the further reduction in thickness serve no benefit [20]. New materials with higher 
oxygen-ion conductivity compared to YSZ have been developed. For example 
gadolinia and samaria doped ceria (CGO and CSO), La0.9Sr0.1Mg0.2O3 (LSMG) and 
Y2O3 stabilized Bi2O3. More details are reported by Ralph et al. [5]. 
 
3.2.4 Interconnector 
 
LaCrO3 is widely used as an interconnector for SOFC because of its stability under 
reducing and oxidizing atmospheres, its high electrical conductivity, and its 
compatibility with other cell components. However, at a desirable operation 
temperature between 800-900 oC, a metallic interconnector (ferritic 18 % Cr steel) is 
used for planar SOFC at FZJ. It has not only high electrical conductivity, but is also 
stable enough under operating conditions. 
 
3.3 Different stack designs for the SOFC 
 
In order to avoid losses within the cells, four major stack configurations have been 
proposed and fabricated for SOFCs [20,42-44]); which differ in the manner of sealing 
between fuel and oxidant channels, and in the electrical cell-to-cell connections. 
These are: 
- the tubular design (Siemens/Westinghouse), 
- the serial tube or bell-and-spigot configuration design (Mitsubishi), 
- the monolithic design (ANL), and 
- the planar design (Siemens/Dornier, Sulzer, and FZJ). 
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A summary of the cell components, performance, technology restrictions and benefits 
of each design is presented in table 1. 
 
Table 1. Summary of the different SOFC designs 
configurations tubular design serial design monolithic design planar design 
support tube 
 
CaO-stabilized 
ZrO2 (35 % 
porosity, 15 
mol % CaO), 12-
13 mm 
porous ZrO2 
or Al2O3 
- N-YSZ cermet as 
substrate 
cathode 
 
Sr-LaMnO3 (10 
mol % Sr, 
1.4 mm) 
doped 
LaCoO3 
(150-
200 µm) 
LaMnO3 LaMnO3 or LaCoO3 
anode Ni-YSZ (100 µm) NiO (8-110 
µm) 
Ni-YSZ cermet Ni-YSZ cermet 
electrolyte 
 
YSZ (10 mol % 
Y2O3 , 40 µm) 
YSZ (100-
150 µm) 
YSZ YSZ (>200 µm) 
interconnector Mg-LaCrO3 
(40 µm) 
NiAl (200-
250 µm) 
Sr-, Ca-, LaCrO3 LaCrO3 or high 
corrosion resistant 
steel 
cell size  φ 12-13 mm, wall 
thickness 1-2 mm, 
length 36 cm -
 2 m 
n.a.* n.a. 50 x 50 mm2 to 200 x 
200 mm2 
current density 250 mA/cm2 
(0.68 V, 85 % fuel 
utilization) 
200 mA/cm2 
(0.65 V, 
80 % fuel 
utilization) 
2.2 A/cm2 (using H2 
as fuel and air as 
oxidant) 
260 mA/cm2 (0.7 V) 
700 mA/cm2 (1.4 V) 
 
 
to date 
technology 
progress 
 
100 kW, 13,000 h, 
2000 [19] 
20 kW, 1991 [45] 
 
1.3 kW, 1991 
[46] 
 
n.a. 
 
1 kW 
advantages -no seal need for 
high temperature 
zone 
-built in separate 
unit 
-flexible 
construction and 
minimal stress 
crack during 
heating and 
cooling 
-less power 
waste due to 
ohmic loss 
because of 
its higher 
output 
voltage 
-cheaper 
fabrication 
process of 
plasma- or 
flame-
spraying 
methods 
-small cell size with 
high power density  
-low ohmic loss 
-can be operated at 
higher current 
density than other 
designs while 
achieving the same 
output voltage 
-elimination of 
inactive structural 
supports due to its 
lower weight 
-cheap processing 
(tape casting and 
two-roll-mill) 
-higher power density 
than tubular and serial 
design 
-simpler fabrication 
process 
-availability of several 
fabrication methods; 
CVD, EVD, plasma- 
and flame-spraying, 
CO2 laser evaporation, 
tape or slip casting 
-thin components 
reduce ohmic loss and 
offer possibility of 
lower operation 
temperature, longer 
cell life, wider choice 
of cell materials, 
reduced thermal stress 
and fuel cell cost 
disadvantages -high resistive 
loss due to long 
current path (long 
cell) 
-restriction of 
-restriction of 
oxygen 
transport to 
cathode/ 
electrolyte 
-difficult to fabricate 
the corrugated 
structure 
-co-firing of intricate 
structure gives high 
-requires gas tight 
seals at high 
temperature 
-cell may crack due to 
non-uniform stress 
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oxygen transport 
to cathode/ 
electrolyte 
interface by the 
need of thick 
support cell 
- fabrication 
process limited by 
electrochemical 
vapor deposition 
EVD (less 
suitable dopants) 
interface by 
the need of 
thick support 
cell 
 
risks of cracking due 
to its thermal 
expansion and firing 
shrinkage 
 
 
 
 
 
 
 
* = not available 
-seal may react with 
cell materials 
-contact resistance 
may be relatively high 
- difficulty of large 
ceramic cell 
 
3.3.1 Tubular design 
 
Among the several SOFC concepts, the tubular design is the most advanced model 
because it does not require a sealant in the high temperature part. The cell 
components are configured as thin layers on a closed-one-end tubular support 
(figure 6 a). In order to achieve high power generation, individual cells are bundled in 
series and parallel; electrical contact is provided by using nickel felt (figure 6 b). This 
type of connection is designed to avoid complete failure if an individual cell fails, as 
individual cells can easily be exchanged. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Tubular design of SOFC from Siemens/Westinghouse; a) cell components, 
and b) bundle of the cell with nickel felt [20] 
 
 
3.3.2 Serial design 
 
The serial SOFC concepts are designed to improve output power efficiency. Two 
different types are possible as can be seen in figure 7 a, configuration of many cells 
electrolyte 
interconnection 
fuel flow 
porous support tube air flow 
air electrode 
fuel electrode 
a) 
porous support  
tube 
oxidant oxidant 
oxidant 
oxidant 
nickel felt 
positive current collection 
negative current collection 
fuel 
fuel 
fuel 
interconnect 
anode 
electrolyte 
cathode 
b) 
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on one porous supporting tube, and in figure 7 b, configuration of many self 
supporting cells of bell-and-spigot shapes. 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Serial design of SOFC from Mitsubishi Heavy Industry; a) bundled cells on 
porous supporting tube, b) self-supporting bell-and-spigot configuration 
[20] 
 
 
3.3.3 Monolithic design 
 
Thin cell components of multilayer ceramics, each composed of the cell components 
(anode-electrolyte-cathode and anode-interconnect-cathode) are formed into a 
compact corrugated structure of either gas co-flow or cross-flow configuration 
(figure 8). Due to its several advantages (table 1), monolithic designs offer the 
highest current density. However, the difficulty of a co-firing process of the multilayer 
ceramic cells restricts its production scale. 
 
 
 
 
 
 
 
 
 
 
Figure 8. Monolithic design of SOFC from ANL [20] 
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3.3.4 Planar designs 
 
a) Hexis design from Sulzer  
 
In order to minimize the sealing problem for a small stack size (1-5 kW) for residential 
or vehicle application, a compact, rugged, and thermocycle resistant design has been 
developed by Sulzer as shown in figure 9 a, the so-called Hexis design. The cell 
consists of steel interconnector, anode, electrolyte, and cathode, which are 
configured in a circular plate form. Fuel and air are introduced via an appropriate 
manifold at the center of its structure. A precise control of the combustion must be 
performed in order to avoid an excessive temperature rise due to incomplete fuel 
conversion in the stack. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Planar SOFC design (Hexis-design) from; a) Sulzer [1, 44], and b) 
Siemens/ Dornier [20, 44] 
 
b) Planar design from Siemens/Dornier 
 
Due to its simple design of flat plate cells and interconnectors, the planar SOFC 
concept by Siemens/Dornier provides several advantages (table 1). The cell 
components can be separately produced and later assembled as shown in figure 9 b. 
However, its still has some technology restrictions. A significant one is the 
requirement of a gas tight joint at high temperatures, which seems to be very difficult 
to achieve. 
interconnect 
air passing  
over cathode 
cathode 
electrolyte 
anode 
interconnect 
fuel passing  
over anode 
unreacted air  
and fuel is burnt 
fuel 
a) b) 
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c) Planar design from FZJ 
 
The first planar design developed at FZJ had external manifolds and is called 
A-design. Ten cell stacks were configured as shown in figure 10 a. A commercial 
alloy Cr5Fe1Y2O3 from Plansee, Austria was used as interconnector material. It was, 
however, difficult in physical realization due to unsuccessful joining at the anode side. 
Therefore, the new B and C designs with other stack materials were developed 
(figures 10 a-b). The operation temperature was, in addition, reduced to 800 oC in 
order to allow the use of more cost-effective materials. The interconnector material 
from Plansee was replaced by the conventional ferritic heat resistant steel 
X10 CrAl18 (1.4742, KTN). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Planar SOFC design from FZJ; a) A-design, b) B-design, c) C-design, d) 
D-design, and e) E-design [10, 44] 
a) 
c) d) e) 
b) 
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The B design had many sealing areas, i.e., the basement, side surface, edges 
between cell and interconnector, vertical, and cover edge seals. Therefore, poor cell 
performance and short cell life resulted due to poor gas tightness of the seals. To 
solve this problem, the new D- and E-designs were developed. Only flat seals 
between ceramic substrate and interconnector are then needed. 
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4. Wetting and adhesion of glass to metal 
 
4.1 Wetting 
 
There is general agreement that wetting is an essential prerequisite for any type of 
adhesion. Wetting or in another term spreading will occur only if the resultant energy 
of the new solid-liquid interface (cohesion force) is less than that of the corresponding 
solid-vapor interface. The concept of the contact angle (or sometimes called wetting 
angle) from three energy terms as described by Young [47] was widely accepted. 
Today his concept is presented in the form of the following equation: 
 
    γSV = γSL + γLV cos θ,      (4) 
 
where γSV, γSL, γLV and θ are the specific surface energy of the solid-vapor, solid-
liquid, liquid-vapor and contact angle between liquid and solid, respectively. If one of 
the materials to be joined is rigid, the liquid phase, called the adhesive, has to be 
able to lower the surface energy of the adherent in order to wet the solid. The angle θ 
indicates wetting ability. The greater the degree of wetting, the smaller is the angle θ. 
In practice, the angle θ can be measured by using the sessile drop method or a 
heating microscope. In inert atmosphere, the adhesive tension (τad) is 
    τad = γSV - γLV  .     (5) 
 
For θ > 90° or τad < 0, the solid/liquid interfacial energy γSL is high. The liquid tends to 
form a ball having a small interfacial area, as shown in figure 11 a. This state is called 
non-wetting. For the intermediate drop shape, θ <90° or 0 < τad < γLV, the solid/liquid 
interfacial energy γ
SL 
is lower than γ
SV
, the liquid tends to assure an enlarged contact 
surface on the solid as shown in figure 11 b. This state is called wetting. If θ = 0° or 
τad ≥ γLV, the solid/vapour interfacial energy γSV is high. Then the liquid infinitely 
spreads all over a horizontally oriented solid (for vertically oriented solid, gravity puts 
a limit to the spreading). This state is called complete wetting or spreading, see 
figure 11 c. 
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Figure 11.  Illustration of a) non-wetting (θ > 90°), b) wetting (θ < 90°), and c) 
spreading (θ = 0°) of a liquid on a solid 
 
Kingery [48] mentioned that the main term of interest is γ
LV
cos θ. Neither the surface 
tension nor the contact angle alone is sufficient for a comparison between different 
materials or conditions. If a new form of equation (4) is written as  
 
    γSL = γSV -γLV cos θ ,    (6) 
 
and if γ
SV
 is assumed to be constant (in the operating condition of the planar SOFC, 
then γ
SL
 depends on γ
LV
), then a good wetting is achieved when the glass has a low 
surface tension (γ
LV
). However, for glass to metal seals, this approach is shown by 
Weiss [49] to be invalid. His experiment showed no relation between wetting and 
surface tension of the glass. Weyl and Marboe [50] suggested a relation of contact 
angle with the polarization ability of the O2- ions. The contact angle should decrease 
from Li+ to Na+ and to K+ in the glass (increase of polarization ability). Replacing the 
O2- ions by the more polarizable S2- ions increases the dispersion forces and results 
in a better wetting [51].  
 
As mentioned before, strong adhesion requires a good wetting (low contact angle). 
However wetting alone is not enough. Some well spreading glasses give a weak 
seal, while a high alkaline earth oxide glass (less wetting) gives a stronger adhesion 
because of its high surface energy, and its high field strength able to induce an 
electrical mirror force to the metal [50]. 
 
4.2 Adhesion  
 
The word “adhesion” refers to the force necessary to separate two adhering 
materials. For this, additional parameters such as the absolute contact area, surface 
roughness, gas bubbles and difference in the α must be concerned. 
 
LVγ  
SVγ  SLγ  
θ 
a) b) c) 
LVγ  
SLγ  
SVγ  
θ liquid 
solid 
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Dupré [52] introduced work of adhesion, WA as 
    WA  =  γSV + γLV - γSL    .       (7) 
 
If the term of SLγ  from equation (4) is combined to (7), we get the result of  
 
    WA  =  γLV (1+ cos θ).    (8) 
 
Equations 7 and 8 must be used with caution. Weyl and Marboe [50] mentioned that 
Young-Dupré equation is valid only for low energy surfaces, but it completely fails if 
applied to high energy surfaces such as glasses-to-metal interfaces. Loehmann [53] 
explains this restriction by adding a chemical reaction parameter into equation 8. He 
obtains 
 
   WA  =  γLV (1+ cos θ) + γRi - c⋅∆Go   ,   (9) 
 
where γ
Ri 
is the interfacial energy between the solid and the related interfacial layers, 
∆Go is the Gibbs energy of formation of a new interfacial compound, and c is a 
constant related to the amount of product formed per one unit of extension of the 
drop on the solid.  
 
Adhesion can also be treated in terms of mechanical and chemical bonding. This is 
described in chapters 4.3 and 4.4. 
 
4.3 Mechanical bonding 
 
The mechanism of the physical bonding between two contact layers relies on 
adhesive and cohesive force. We know “cohesion” as the cohesive force between the 
molecules within the same materials, and “adhesion” as the adhesive force between 
the molecules of different materials like glass and steel. Two force types, i. e., van 
der Waals and hydrostatic force, are participating in both wetting and adhesion. 
 
Let us take the example of enamels to discuss a further mechanism. Another 
adhesion mechanism between enamel and metal substrate is believed to be a 
mechanical interlocking of the metal-glass structure. Two concepts, dendrite and 
electrolyte, are used to explain this mechanism since 1930s [26]. 
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4.3.1 Dendrite concept 
 
The dendrite concept is based on the precipitation of a metallic phase within the 
glass, which provides anchor points, e.g., Co-Fe intermetallic phases at the interfacial 
region (figure 12 a). The reaction of a metal present in the glass with a metallic 
element in the substrate is believed to be the reason for the formation of dendrites. 
For example, the following reaction is believed to occur for glass containing CoO 
bonded to iron substrate: 
 
                             CoO(glass) + Fe(substrate) → Co(dendrite) + FeO(glass) .        (10) 
 
4.3.2 Electrolytic concept 
 
Electrolytic or galvanic corrosion mechanisms are proposed by Dietzel [54] to occur 
at the rough sites of the metal substrate (figure 12 b). The reaction between glass 
containing CoO and iron substrate can be proposed as  
 
 2Co(precipitate) + O2 (from atmosphere)→  2Co2+ + 2O2-                   (11) 
 
    Co2+ + 2e-  →  Co     ,          (12) 
    Fe                →  Fe2+ + 2e-  .            (13) 
 
 
This concept was, however, later observed to be invalid by Harrison et al. [55]. 
 
 
 
 
 
 
 
 
 
Figure 12. Mechanical anchor points: a) dendrite concept by King [56], and b)  
electrolytic concept by Dietzel [54]  
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Wetting and adhesion of glass to metal 28 
4.4 Chemical bonding  
 
Chemical bonding at the glass-metal interface is associated with the tendency to 
reach a stable chemical equilibrium. Strong bonds are formed if the glass is invaded 
and gets saturated by an oxide of a metal from the substrate. If in solution in the 
glass, the oxide cannot be reduced by the metal from the substrate. For example, 
FeO dissolved in glass cannot be reduced to Fe by iron metal [57]. 
 
4.4.1 Molecular and atomic approach 
 
The approach of molecular reactions at the glass-to-metal interface has been shown 
to be a suitable theory for wetting and adhesion [26, 57-59]. Their principles mostly 
rely on the presence of an oxide layer as a transition zone between the steel and the 
glass. Three bond types, covalent, electrostatic or ionic, and metallic bonds, 
participate in the overall bonding, where in principle the metallic bonding of the metal 
is gradually substituted by the ionic and covalent bonding of the glass. If compared to 
the van de Waals bond, chemical bonds are about 100 times stronger [60], with some 
variations depending on the nature of the chemical bond [57]. Figure 13 illustrates 
three possibilities of the reaction between glass and metal. “Bulk oxide layers” are 
formed if metal atoms from the metal diffuse deeply into the glass bulk and become 
oxidized to metal oxide (figure 13 a). Their bond strength depends on the properties 
of the bulk oxide layer. It could be, on one hand, very strong if no harmful reaction 
products are formed or, on the other hand, could also be very weak if an undesirable 
stress from new reaction products is developed. If the glass is saturated with a metal 
oxide from the substrate in the interfacial region, the strong chemical bonding of a 
“mono-oxide” layer will form (figure 13 b).  By contrast, if the interface is not saturated 
with the metal oxide, only weak bonding via van der Waals force form (figure 13 c).  
 
4.4.2 Thermodynamic approach  
 
Another approach to chemical bonding relies on the thermodynamics of the oxidation 
and reduction process. Normally two reaction steps of, firstly, the formation of an 
oxide layer at the interface by a suitable redox reaction and, secondly, the dissolution 
of this oxide layer into the bulk glass, are involved for the overall reactions between a 
glass and a metal. The term “suitable redox reaction” means the capability of  
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Figure 13.  Development of an oxide layer between glass and metal boundaries; a) 
“bulk oxide layer”, b) “mono-oxide layer”, and c) no oxide layer [26, 57-
58]); … (metallic bond), +++ (ionic bond), - (covalent bond) 
 
an oxide in the glass to oxidize metal atoms from the metal substrate. For example, 
glass containing lead oxide oxidizes iron atoms to iron oxides or, on the other hand, 
lead oxide in glass is reduced by iron atoms from the metal substrate to lead metal 
according to the following reaction: 
 
2Femetal + 2PbOglass = 2FeOinterface + 2Pbmetal  .      (14) 
 
The oxidation or reduction capability of each oxide is indicated by the Gibbs energy 
of formation (∆Go), where a low ∆Go gives a high oxidation possibility. Some data 
have been reported for enamelling oxides by Donald [26] and by King et al. [57]. It is 
also possible to check the oxidation tendency for the whole temperature range using 
the Ellingham diagram [61]. Oxidation potentials of metals may be classified into 
three groups based on the reactivity with oxygen as:  
- low (small negative Gibbs energies) including Au, Pt, and Cu,  
- intermediate (Fe, Ni, and Co),  
metal metal oxide glass 
metal glass 
metal glass 
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- high (Cr, Ti, and Zr).  
 
A variety of oxides such as CuO, Bi2O3, PbO, As2O3, NiO, Co3O4 etc. have been 
examined for their reduction ability with several metal substrates by King et al. [57]. 
 
4.4.3 Solid and liquid state bonding 
To date, two different joining techniques, solid and liquid state joining, are known. For 
the solid state joining, adherence relies on an interaction of atoms, ions, and 
molecules between two contact surfaces. Strong bonds are achieved through solid 
state diffusion without melting of the base materials. Therefore minimum distortion 
and deformation due to accurate dimension control is the main advantage of this 
joining technique. It provides, on the one hand, an excellent corrosion resistance 
because no fluxes are required, but on the other hand, it generally requires long 
joining time under pressure [62-64], or very specific techniques. 
Liquid state bonding is a joining process involving a third phase. This may be, for 
crystalline system, a phase heated above its melting point, or for glass, a phase 
heated above its dilatometric softening point. In the case of a molten crystalline 
system, high bond strength is achieved by liquid state diffusion, which is usually at 
least 100 times faster than solid state diffusion [60]. In the case of sub-liquidus 
viscous flow of glass, diffusion is less strong. In any case, this type of joining 
technique requires a “fluxing material”, which results in a decrease of the corrosion 
resistance. However, it may improve by (re-)crystallisation of the interfacial liquid 
phase after joining. 
 
4.5 Influencing parameters 
 
4.5.1 Chemical composition 
 
Quite small changes of the compositions may distinctly affect wetting and adhesion. 
For example, small additions of some well known adherence promoters (CoO and 
NiO) into enamels promote a redox reaction at the interface and accelerate the 
removal of a scale by changing low dissolution of FeO to high dissolution of Fe3O4 in 
the glass according to the following reactions: 
   3FeO + CoO  →  Fe3O4 + Co,     (15) 
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   3Fe2O3 + Co  →  2Fe3O4 + CoO,    (16) 
  3FeO + NiO  →  Fe3O4 + Ni,      (17) 
  3 Fe2O3 + Ni  → 2 Fe3O4 + NiO, and     (18) 
 
thus, roughening the base-metal interface by direct corrosion or by galvanic 
corrosion. Iron oxide (FeO) dissolved in the glass has been proved not to react with 
CoO dissolved in the glass. Therefore, CoO can oxidize crystalline FeO to Fe3O4 and 
this aids in dissolving the oxide scale, but once the iron oxide is in solution, no further 
reaction will take place. Changes in glass compositions may also alter the solubility of 
FeO in the glass. An increase in solubility is believed to be brought about by adding 
glass formers, e.g. SiO2, P2O5, and B2O3, a decreasing of solubility by adding glass 
modifies [57]. Additions of metal oxides e.g., FeO into glass have been proved to 
enhance saturated state and resulted in strong bond [57, 65-67]. It must be noted 
though, that the quite old line of reasoning is no in turn with the recent understanding 
of glass chemistry. However, it reflects, in principle, the correct consequences. On a 
more modern line of reasoning, the joint effects of redox state and acid/base 
properties of oxide systems would have to be discussed. 
 
4.5.2 Atmosphere 
 
The interfacial energy of materials possibly changes under different atmospheres. If 
glass is brought into contact with a metal under vacuum, a high contact angle is 
usually achieved. If a small amount of oxygen (0.25 %) is added, an even better 
wetting (low contact angle) was obtained [57]. 
 
4.5.3 Time and temperature  
 
Sufficient diffusion rate of the atomic, ionic or molecular transfer is an important 
ingredient for achieving strong bond. Because of this, both joining time and 
temperature play an important role as can be seen from the equations: 
 
    DtX ≈        , and          (19) 
D = Do exp ( RT
Ea− ) ,     (20) 
 
where X  is the diffusion distance, t is the time, D is the diffusion coefficient, Do is the 
pre-exponential constant, Ea is the activation energy, R is the gas constant, and T is 
the temperature [68]. 
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4.5.4 Surface conditions of metal substrates 
 
 a) Surface roughness 
 
The resulting surface roughness (high specific surface) is instrumental in establishing 
good adhesion. It can provide mechanical interlocking and also increases the contact 
surface area. In spite of a more diffuse (wider) transition zone due to its high contact 
area, it does not markedly alter the adherence if a chemical bond is attained 
throughout the interface, and the α difference is not too large. Roughness, however,  
itself is not sufficient to produce strong adhesion, but reactions reach higher turnover 
at rough surfaces [25, 50, 57]. 
 
b) Pre-oxidation of the metal  
 
Pre-oxidation of the metal has been suggested as a means to achieve chemical 
bonds by many workers [25, 26, 57, 58, 69-71]. At elevated temperatures, the molten 
glass wets and dissolves the oxide film into the bulk glass. The glass at the interface 
becomes immediately saturated with Fe2+ because the dissolution rate of an oxide is 
faster than the diffusion rate of the dissolved oxide into the bulk glass [25]. A 
concentration gradient is formed due to diffusion of dissolved oxides into the bulk 
glass. However, the equilibrium saturation at the interface is always maintained due 
to the faster reaction rate. Dissolution of a metal oxide into a glass also affects its α. 
Therefore a varying thickness of oxide layer may result in more favorable stress 
gradients, which is similar to a graded seal. 
 
Pre-oxidizing of chromium containing alloy in wet hydrogen atmosphere forms a 
Cr2O3 layer, which is effective in promoting strong adhesion [58]. Successful bonding 
of lithium aluminum silicate glass ceramics (nucleated with P2O5) with stainless steel 
304L (Fe-17 % Cr) is established when using pre-oxidized samples. This is because 
of a narrow diffusion zone of chromium into the bulk glasses holding back a fine 
crystalline microstructure at the interface. In contrast to this with the use of non-
oxidized sample, a wider diffusion zone of 200 µm into the bulk glass is obtained. 
The diffused chromium and iron tend to react with P2O5 and cause a poor 
crystallization, bad seal qualities [26]. 
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5. Constitutional compound calculation (CCC) 
 
5.1 Principle of constitutional compound calculation 
 
Due to the long exposure time of up to 40,000 h of a sealant glass at high 
temperature in corrosive atmosphere, glasses have to completely crystallize. 
Therefore, joining properties depend not only on the glass properties, but also on the 
properties of the crystallized material. In view of this, an approach was chosen which 
is based on the calculation of the constitutional compounds from chemical 
compositions. This calculation is performed within a base of 6 major oxides (MO-
R2O3-SiO2; M = CaO, MgO, BaO, ZnO, R = Al2O3) and 13 minor oxides. The term of 
constitution refers to the equilibrium state of complete crystallization. CCC [72] 
combines the principle of the CIPW norm calculation [73], originally used to calculate 
the normative crystalline phase content of igneous rocks, with a stringent evaluation 
of the constitutional relations of the predominant ternaries or quaternaries of glass 
forming systems. Conradt [74-76] modified the CIPW concept for calculating the 
constitutional compounds of three quaternaries systems, C-M-A-S, N-C-A-S, and    
N-A-B-S (M = MgO, C = CaO, A = Al2O3, B= B2O3 and S = SiO2), with several minor 
oxides used in glass application. These predominant systems refer to different glass 
families, used in conventional technology. However, glasses in the system M-B-C-Z-
A-S (B = BaO, Z = ZnO) have not yet been elaborated. Therefore, the term CCC 
refers to an extension of the method to these new systems.  
 
5.2 Normative phase content versus actual crystallization path 
 
The calculation of the constitutional compounds of the system M-B-C-Z-A-S (in 
combination with 13 minor oxides) was performed. The calculated results were 
compared to the results from experiments, literature and commercial software.  
 
Glass compositions in tables 2 and 3 were melted in an induction furnace at 1480 oC 
for 2 h. The glass was stirred during soaking for homogeneity and was finally fritted 
into ice water (in order to avoid crystallization). Fritted samples were ground to d50 
between 15-34 µm, pressed into rectangular bars (0.5 x 0.5 x 50 mm3) at 20 MPa, 
and sintered at 900 oC in air for several hours. The crystalline phases of the sintered 
samples were analyzed by XRD. 
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The calculation steps were performed by, first, allotting the minor components in the 
glass, such as MnO, La2O3, SrO, TiO2, Y2O3, or Nd2O3 to the most stable co-existing 
silicate compounds MnO⋅SiO2, La2O3⋅SiO2, Y2O3⋅SiO2, and Nd2O3⋅SiO2 etc. (see 
appendix 1). Second, the remaining major oxides were allotted to the constitutional 
compounds by using matrix calculation. By this procedure, the co-existing 
compounds from 10 ternary and 6 quaternary oxide systems (B-C-A, B-C-S, B-A-S, 
M-A-S, C-A-S, C-M-S, B-M-S, C-Z-S, M-Z-S, A-Z-S, M-Z-A-S, C-Z-A-S, C-M-A-S, B-
C-A-S, C-M-B-S, and B-M-A-S) were determined by using known phase diagrams 
[77], (see appendixes 2 to 4). The short-hand notations C = CaO, A = Al2O3, 
S = SiO2, B = BaO, M = MgO, and Z = ZnO were used. For example, M2A2S5 stands 
for 2MgO⋅2Al2O3⋅5SiO2. Matrix calculation was used to calculate the amount of 
compounds occuring in the respective constitutional sub-ranges. Figure 14 a shows 
an example of the sub-range of co-existing compounds CS-CAS2-S in the C-A-S 
system, and of S-CAS2-A3S2-BAS2 in the C-B-A-S system (figure 14 b). 
 
 
 
 
 
 
 
Figure 14. Examples of the sub-range of co-existing compounds; CS-CAS2-S in the 
C-A-S systems, and b) S-CAS2-A3S2-BAS2 in the C-B-A-S system 
 
The constitutional compounds at composition X1 and X2 can be calculated from the 
matrix as can be seen by the following equation: 
 
 
 
 
 
 
 
CaO Al2O3 
SiO2 
CS 
CAS2 
X1 
SiO2 
CAS2 
A3S2 
BAS2 
X2 
a) b) 
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at position X1 : 
      CS CAS2    S  
   XC    1     1    0  X (CS) 
   XA       =   0     1    0 ⋅ X (CAS2) , 
   XS    1     2    1  X (S) 
 
    CS     XC 
           CAS2  = M
-1 ⋅ XA ,  (21)  
     S     XS 
 
where XA, XC, and XS are the molar fractions of Al2O3, CaO, and SiO2 in mol per 
100 g glass respectively, and 
  
at position X2 : 
     SiO2 CAS2 A3S2 BAS2 
  XC     0     1     0     0   X (S) 
  XB  =   0      0     0     1   X (CAS2) , 
  XA     0      1     3     1    ⋅  X (A3S2) 
  XS     1      2     2     2   X (BAS2) 
 
       S     XC  
  CAS2  = M-1  ⋅ XB ,   (22) 
   A3S2     XA   
   BAS2     XS 
 
 
where XC, XB, XA, and XS are the molar fractions of CaO, BaO, Al2O3, and SiO2 in 
mol per 100 g glass respectively. 
 
It is known that not all compositions in the ternary and quaternary oxides system can 
form glass. Therefore, the glass forming regions of 8 ternary and 4 quaternary oxide 
systems (B-C-A, B-C-S, B-A-S, B-M-S, C-A-S, C-Z-S, M-Z-S, C-M-S, B-C-A-S, M-B-
A-S, C-Z-A-S, and M-Z-A-S) were determined before composing the compositions of 
sealant glasses. The sketch of quaternary B-C-A-S system is shown in figure 15 a as 
an example. The glass forming regions of the systems M-A-S and A-Z-S were 
already determined by Patridge et al. [58]. For the other systems, the compositions 
within the potential glass forming regions were selected based on the compositions 
expected at the conodes or invariant points with liquidus temperatures Tliq < 1500 oC, 
i.e., at compositions where co-existing compounds of two or three phases are found 
in the related phase diagrams [77] (for example, see figure 15 b). For the systems in 
which the conodes or invariant points were not yet completely known, the 
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compositions were selected randomly throughout the entire system. Batch 
compositions for glasses containing 0, 5, and 10 wt. % Al2O3 were calculated (see 
appendix 6). Chemical grade raw materials were weighed in 2 g batches, mixed in 
acetone and dried. Approximately 1 g of each batch was hand-pressed into a 
cylindrical shape (φ = 5 mm, 5 mm high); the specimens were laid on a Pt plate, 
heated to 1480 oC at 5 K/min, soaked for 2 h, and cooled down to room temperature 
at 5 K/min. The tests were repeated three times before conclusions were made on 
the glass-forming regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Illustration of the investigated compositions in the systems a) B-C-A-S, 
and b) B-C-S 
 
5.3 Results and discussion  
 
An example of the constitutional compounds calculation from 6 different glasses is 
shown in table 2. 
 
 
b) 
BaO 
Al2O3 
CaO 
SiO2 
investigated range of 5 
and 10 wt. % Al2O3 
a) 
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Table 2. Chemical compositions and results of constitutional compound calculation 
compositions in wt. % glass codes A28 A31 A37 A40 38E B20 
oxides       
SiO2 37 35 41 43 39 61 
Al2O3 4 5 5 5 5 5 
B2O3 - - 3 6 - - 
MgO - - 9 18 - - 
CaO - 11 17 4 23 34 
BaO 59 43 22 22 33 - 
La2O3 - 4 - 2 - - 
MnO - 2 3 - - - 
constitutional compounds in wt. % 
BAS2 15.54 17.09 19.81 17.97 16.13 - 
BS2 2.62 - 13.14 - - - 
B2S3 81.84 9.72 - - - - 
BS - 22.53 - - - - 
CMS2 - - 25.99 13.90 - - 
C2MS2 - - 25.83 - - - 
C2BS3 - 41.81 - - 72.55 - 
MS - - - 37.74 - - 
CS - - - - 9.78 65.15 
BA - - - - 1.54 - 
CAS2 - - - - - 13.65 
SiO2 - - - 7.80 - 21.20 
MnO⋅SiO2 - 3.58 5.30 - - - 
La2O3⋅SiO2 - 5.27 - - - - 
BaO⋅B2O3 - - 9.93 19.84 - - 
MgO⋅B2O3 - - - 0.29 - - 
BaO⋅La2O3 - - - 2.46 - - 
 
As can be seen in table 2, celsian (BAS2) was found in all glasses. This is a very 
stable phase, which occurs in the barium aluminosilicate system. So, most of the 
alumium oxide is assumed to react with BaO and SiO2 to form BAS2. Minor oxides 
such as B2O3, La2O3, MnO, PbO, V2O5, or ZnO are allotted to compounds with 
minimum Gibbs energy, the combinations of which are known from phase diagrams. 
 
As an advantage of the presented method, a prediction of glass properties is possible 
even before the melting process if the properties of the compounds are known. For 
example, a high alumina content in a glass constitution would decrease the α 
because the low α compound celsian is formed. Likewise, diopside (CMS2) is known 
to have an α low as 4-6⋅10-6 K-1. Therefore, a low α of crystalline samples from 
glasses A37 and A40 is expected. 
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5.3.1 Compositional variation between two end member glass compositions  
 
CCC also makes possible the calculation of the constitutional compounds of mixtures 
between glass compositions. For example, glass 2GW [78] (code A) was mixed with 
glass 10GA [79] (code B). In the following text, the term “mixing” is used in a very 
specific way. It does not refer to the preparation of an actual mixture of two (or more) 
glasses, by to the preparation of glasses of mixed (or intermediate) composition. The 
glasses are, of course, prepared ab initio from the raw materials. Their compositions 
are located in the MgO-BaO-CaO-SiO2 system. The calculated results and the 
changing of constitutional compounds of the glass mixtures are shown in table 3 and 
figure 16. 40 wt.% of MgO⋅SiO2 (MS), 18.9 wt. % BAS2,17.8 wt. % CMS2 were 
calculated for glass A.  
 
Table 3. Chemical composition and CCC results of compositional variations between 
two glasses  
compositions in wt. % 
oxides A 
(2GW) 
AB1 
(34) 
AB2 
(35) 
AB3 
(36) 
AB4 
(37) 
AB5 
(38) 
AB6 
(39) 
B 
(10GA) 
SiO2 46.71 44.98 43.25 41.76 40.33 38.99 37.62 38.56 
BaO 12.59 15.21 17.85 20.15 22.33 24.38 26.46 29.95 
CaO 4.60 8.03 11.48 14.49 17.33 20.01 22.73 26.59 
MgO 22.82 19.01 15.18 11.82 8.66 5.68 2.66 - 
Al2O3 5.12 5.19 5.26 5.32 5.38 5.44 5.49 - 
B2O3 8.16 6.80 5.43 4.23 3.10 2.03 0.95 - 
MnO - 0.77 1.55 2.23 2.87 3.47 4.09 4.90 
constitutional compounds in wt. % 
BAS2 18.86 19.11 19.37 19.59 19.81 20.03 20.21 - 
BS2 - - - - 13.14 16.37 - - 
B2S - - - - - - - 6.71 
BM2S2 - - - 5.22 - - - - 
BMS3 - - - 1.40 - - - - 
CS - - - - - 4.85 - - 
C2BS3 - - - - - 7.42 46.83 70.76 
C2S - - - - - - 2.37 13.49 
CMS2 17.77 31.01 44.33 55.96 25.99 - - - 
C2MS2 - - - - 25.83 38.42 8.26 - 
C3MS2 - - - - - - 11.74 - 
MS 40.04 28.02 15.93 0.16 - - - - 
MnO⋅SiO2 - 1.42 2.86 4.12 5.30 6.41 7.55 9.04 
BaO⋅B2O3 7.14 10.77 14.45 13.55 9.93 6.50 3.04 - 
MgO⋅B2O3 9.34 5.43 1.45 - - - - - 
SiO2 6.85 4.24 1.61 - - - - - 
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When glass B was added to glass A, the amount of SiO2 and MgO decreased but 
BaO and CaO increased. This lead to a decrease of MS from 40 wt. % (glass A) to 
15.9 wt. % (glass AB2), and an absence of MS in glass AB3. The amount of diopside 
(CMS2) increased from 31 to 56 wt. % in glass AB3. If the amount of CaO and BaO 
increased while MgO decreased, diopside was replaced by akermanite (C2MS2) and 
BS2. A further step was a change of C2MS2 and BS2 to C2BS3 and C2S if the glasses 
had insufficient MgO. A constant level of celsian at 20 wt. % was calculated due to 
the constant Al2O3 content in the glass mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Constitutional compounds (major phases; > 10 wt. %) of the mixtures 
between glass A (C-B-M-A-S) and glass B (B-C-S) 
 
5.3.2 Comparison between constitution and primary crystallization path 
 
Table 4 shows the analytical results from crystallization tests compared to the 
constitutional compound calculation, and some data from literature (glasses C, E, G, 
and I [8]). 
 
The results for all glass compositions in the table 4 show that the formation of BAS2, 
CMS2, B2S3, BS, MS and M2A2S5 phases has no kinetic restriction. These phases 
were always found as primary crystalline phase in the experiments as well.  
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Table 4.  Comparison of the normative constitutional compounds from calculation 
with the primary crystallization observed in experiments; Tg = glass 
transition temperature, TD = dilatometric softening point 
codes calculation (major phases)* experiment Tg (oC) TD (oC) αa αb 
A28 B2S3, BAS2 B2S3, AS3**, SiO2 923 - 12.03c - 
A31 C2BS3, BS, BAS2, B2S3 BS, SiO2 
B2S3***, BAS2*** 
5MnO⋅3SiO2*** 
702 775 10.45 11.20d 
A37 CMS2, C2MS2, BAS2 CMS2, MS, BAS2 - - 10.61c - 
A40 MS, BaO⋅B2O3, BAS2, 
CMS2 
CMS2, BAS2, AS3 
MS***, BAS2*** 
612 - 9.83c 9.11 
38E C2BS3, BAS2 C2BS3, BS, BAS2 735 789 11.09 - 
B20 CS, S and CAS2 CS 739 791 8.43 9.27 
AB1 CMS2, MS, BAS2, 
BaO⋅B2O3 
CMS2, BAS2, AS3 - - 10.04d - 
AB2 CMS2, BAS2, MS, 
BaO⋅B2O3 
CMS2, BAS2, AS3 - - 10.11d - 
AB3 CMS2, BAS2, BaO⋅B2O3 CMS2, BAS2, AS3 - - 11.27d - 
AB4 CMS2, C2MS2, BAS2 CMS2, MS, BAS2 - - 10.61d - 
AB5 C2MS2, BAS2, BS2 CMS2, BAS2, AS3 - - 10.16d - 
AB6 C2BS3, BAS2 BAS2, MS 691 800 10.42 - 
C MS, M2A2S5, MgO⋅B2O3 MS, M2A2S5 717e - - ≈ 7-8e 
E M2A2S5, MS, MgO⋅B2O3 M2A2S5, MS, S 720e - - ≈ 7-8e 
G M2A2S5, MS, MgO⋅B2O3, 
M2S, ZrSiO4 
M2A2S5, MS, M2S, 
ZrSiO4 
721e - - - 
I MS, M2A2S5, MgO⋅B2O3, 
ZrSiO4 
MS, M2A2S5, 
ZrSiO4 
723e - - - 
*  = major phases (> 10 wt. %) presented in the order from high to low 
**= AS3 → 0.75 SiO2⋅ 0.25 Al2O3 → metastable substitute phase 
*** = experimental results after annealing at 800 oC for 2060 h  
a  = glass samples (α30-600 in 10-6 K-1) 
b  = partially crystalline samples (α30-600 in 10-6 K-1), sintered at 900 oC for 10 h 
c  = partially crystalline samples (no TD was detected.) 
d  =Tg from DTA after [8] 
e  = thermal expansion (α20-600 in 10-6 K-1), sintered samples at 1000 oC for 24 h 
 
However, some phases meet kinetic restrictions, such as C2BS3 and C2MS2, and 
some metastable phases were also found in the experiments such as 
0.75SiO2⋅0.25Al2O3 (AS3 = complete crystallographic data from JCPDS, XRD are not 
available yet.) and SiO2. Glasses A28, A37 and A40 crystallized faster than the rest 
(no Tg effect was found after re-sintering the glass powder at 900 oC for 1 h), which is 
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an indicator of a low amount of residual glassy phase. From the three glass systems 
mentioned above, glasses A28 and A31 from the B-C-A-S system had the highest 
thermal expansion and still retained their higher value after crystallization. By 
contrast, sample A40 had a lower α of both the glass and the partially crystallized 
glass ceramics. Glasses from the system B-M-C-S (A37) had rather high α. However 
they are expected to have low α after crystallization because of the high content of 
CMS2 (diopside). 
 
5.3.3 Alternative calculation methods  
 
Table 5 compares the results obtained from CCC to the results obtained by the 
commercial software F*A*C*T [80]. F*A*C*T determines the co-existing compounds 
by a minimum Gibbs energy match to the thermodynamic database. F*A*C*T 
calculates the crystalline phases during cooling as a function of temperature.  
 
Table 5.  Comparison of the results by CCC and F*A*C*T (unit in wt. %) 
compositions in wt. % oxides C-M-A-S M-Z-A-S C-Z-A-S(1) C-Z-A-S(2) 
CaO 
MgO 
ZnO 
Al2O3 
SiO2 
10 
15 
15 
- 
60 
- 
60 
5 
10 
25 
20 
- 
40 
5 
35 
45 
- 
5 
20 
30 
total 100 100 100 100 
constitution  
compounds 
CCC F*A*C*T CCC F*A*C*T CCC F*A*C*T CCC F*A*C*T 
S 18.09 17.77 - - 0.48 0.48 - - 
CAS2 40.93 37.99 - - 13.64 13.64 - - 
CMS2 6.76 - - - - - - - 
MS 34.22 36.30 - - - - - - 
CS - 4.85 - - - - - - 
M2A2S5 - 3.09 - - - - - - 
M2S - - 58.54 59.13 - - - - 
MA - - 5.21 13.95 - - - - 
M - - 24.98 23.09 - - - - 
ZA - - 11.27 - - - - - 
Z - - - 3.83 - - - - 
Z2S - - - - 37.63 37.63 - - 
C2ZS2 - - - - 48.25 48.25 19.27 18.47 
C3S2 - - - - - - 21.13 21.87 
C2AS - - - - - - 53.79 53.78 
C2S - - - - - - 5.81 5.88 
total 100 100 100 100 100 100 100 100 
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The crystalline phases calculated by F*A*C*T in table 5 are the phases at room 
temperature.  
 
The results show a good match for the C-Z-A-S system. For M-Z-A-S, ZA was found 
by CCC versus Z by F*A*C*T. For the C-M-A-S system, S, CAS2 and MS were found 
by both F*A*C*T and CCC, but the minor phases were different. CMS2 (6.7 wt. %) 
was found with CCC, but F*A*C*T found M2A2S5 (5 wt. %) and CS (3 wt. %). It must, 
however, be said that the coexistence of five components in a quaternary system as 
predicted by F*A*C*T is not in turn with Gibbs’ phase rule. Probably, F*A*C*T 
anticipants a phase separation in the liquid state already. A comparison of the results 
obtained by CCC for the systems C-M-B-S and M-B-A-S is not possible here, 
because BaO data are not yet available with F*A*C*T. To summarize, the 
comparatively simple CCC calculation gives a fully sufficient account of the 
constitution of glass forming systems, and beyond this, gives access to BaO 
containing glasses. 
 
5.3.4 Prediction of the thermal expansion from constitutional compounds 
 
If the thermal expansion coefficients α of all phases were known, it would be 
theoretically possible to predict the α of the glass ceramics. However, in practice, 
several factors such as the remaining glassy phase, the porosity in the glass matrix, 
the crystal sizes and shapes, and the preparation process (residual stress in a bulk 
crystalline sample) may influence the measured data. It has been shown by a first 
approximation [26, 81], originally obtained by Turner in 1946 for mixed aggregates, 
that the α of glass ceramic materials is an additive function of the α values of the 
individual phases, and can be calculated by the following equation: 
 
   αglass ceramic =  ∑ )/(
)/(
iii
iiii
WK
WK
ρ
ρα
  ,  (23) 
 
where αi is the thermal expansion coefficient of the various phases present in the 
glass ceramic, Ki is the compression (or bulk) modulus, Wi is the weight fraction, and 
ρi is the density of phase. The ability to tailor the thermal expansion characteristics of 
glass-ceramics is, therefore, a direct consequence of the ability to control the type 
and proportion of crystalline phases present in the final products. 
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CCC provides the proportion of the weight fractions (Wi) by the assumption of 
complete equilibrium crystallization. However, αi, Ki, and ρi data for several 
compounds are not yet available, which limits the prediction. Therefore, a rough 
prediction based on the known α of some compounds was tried as a first step. 
 
5.3.5 Glass forming regions 
 
Glass forming regions of the systems B-C-A, B-C-S, B-A-S, B-M-S, C-A-S, C-Z-S, M-
Z-S, C-M-S, B-C-A-S, M-B-A-S, C-Z-A-S, and M-Z-A-S are shown in figures 17 to 23. 
Three different stages are reported: glassy, partially glassy, and crystalline. The term 
“glassy“ refers to transparent glass, “partially crystallized“ refers to semi-opaque 
and/or translucent, and “crystalline“ is opaque, dull and not melted-phase. 
 
As can be seen, glass could not be formed in the system B-C-A within the testing 
conditions mentioned before. It was not possible to melt the compositions containing 
more than 40 wt. % alumina. Samples with less alumina could be melted, but they 
crystallized during cooling (see figures 17 a-b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Illustration of a) glass formation ability (unit in wt. %), and b) phase 
diagram of the system B-C-A 
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For B-C-S, glasses were formed around BaO:SiO2 = 1:1 by weight. Additions of 
calcium expanded the glass forming range. Figures 18 a-c shows the glass forming 
regions in the B-C-S system with 0, 5, and 10 wt. % Al2O3. The investigated 
compositions are shown in appendix 5. Additions of 5 and 10 wt. % Al2O3 were found 
to extend the glass forming region. More than 10 wt. % were not investigated 
because the constitutional compound calculation showed a high occurrences of low α 
celsian (BAS2). 
 
 
 
 
 
 
 
 
 
 
Figure 18. Glass forming regions in the system B-C-S with different additions of 
Al2O3; a) no addition, b) 5 wt. %, and c) 10 wt. % 
 
The glass formation at BaO:SiO2 around 1:1 (by weight) was also repeated in the 
system B-A-S. The glass forming region increased with increasing alumina content 
(see figures 19 a-b).  
 
 
 
 
 
 
 
 
 
 
Figure 19. Illustration of a) glass forming region, and b) the positions of the 
investigated compositions of the system B-A-S in the phase diagram  
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In the system B-M-S, MgO showed a similar effect as Al2O3 did in the system B-A-S. 
According to these tests, 30 wt. % MgO was the maximum content still forming glass 
with BaO and SiO2. As can be seen in figure 20 a, the details (conodes or eutectic 
points) in the system B-M-S was not yet known. Therefore, chemical composition of 
the tests were randomly selected in two series (full and open symbols in figure 20 a; 
see compositions 1 to 10, and 11 to 22, respectively, in appendix 5. Further work with 
additional 5 wt. % Al2O3 in the B-M-S system showed a dramatic increase in the 
glass forming regions towards the direction of the SiO2 corner). Higher alumina 
contents (10 wt. %) did not show any significant effect (see figures 20 b-d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Illustration of a) the investigated compositions of the system B-M-S; glass 
forming regions with different additions of Al2O3: b) no addition, c) 5 wt. %, 
and d) 10 wt. % 
 
The system C-A-S showed interesting results. There seems to be two glass forming 
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15 wt. % (see figures 21 a-b). However, under the testing conditions, only partially 
crystallized glasses were formed at silica contents below 15 wt. %. In these tests, 
CaO and SiO2 at the eutectic points between CS and C3S2 did not reveal glass. The 
glass formation of the mixtures CaO-SiO2 begins when 5 to 10 wt. % alumina is 
added. At higher alumina contents, the glass formation area increases into two 
directions in a U-shape. The glass formation limit is around 40 wt. % Al2O3 content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Illustration of a) glass forming region, and b) the investigated compositions 
of the system C-A-S located in the phase diagram 
 
In the system C-Z-S, there are two areas in which glass can form (see figure 22 a). 
Mixing between ZnO and SiO2 did not show any glass formation. After only small 
amounts of CaO (5 wt. %) were added to the CaO-SiO2 system, glass could form. 
Due to the formation of very stable C2ZS2 (Ca2ZnSi2O7), glass forming is located in a 
narrow region not close to the constitutional C2ZS2 point. Additions of 5 and 10 wt. % 
Al2O3 to this system show a dramatic increase of the glass formation areas 
(figures 22 b-d).  
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Figure 22. Illustration of a) the investigated compositions of the system C-Z-S located 
in the phase diagram; glass forming regions with different additions of 
Al2O3: b) no addition, c) 5 wt. %, and d) 10 wt. % 
 
In the M-Z-S system, MgO had a totally different effect (compared to CaO) when it 
was added to ZnO-SiO2 system. It showed a tendency to form glass. However, due 
to the high temperature of conodes and invariant points, glass could not form. Further 
work with additional 5 and 10 wt. % Al2O3 showed only one point on the mixing line 
between ZnO and SiO2 where glass could form (see figures 23 a-d). 
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Figure 23. Illustration of a) the investigated compositions of the system M-Z-S located 
in the phase diagram; glass forming regions with different additions of 
Al2O3: b) no addition, c) 5 wt. %, and d) 10 wt. % 
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Investigated compositions in the system C-M-S showed only small glass formation 
area, which was located in between two eutectic points (positions 1 and 2 in 
figures 24 a-b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Illustration of a) glass forming region, and b) the investigated compositions 
of the system C-M-S located in the phase diagram 
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6. Development criteria, sample preparation, and 
characterization methods 
 
6.1 Selective criteria of the glass composition 
 
In traditional glass science, glass properties can be calculated by oxide increment 
systems based on ample experimental knowledge. This is exploited for the selection 
of glass compositions. 
 
6.1.1 Thermal expansion coefficient 
 
Two coefficients are used to quantify the thermal expansion. One is the linear 
coefficient of expansion α and the other one is the cubic expansion coefficient αV, 
which in general, αV = 3α. Some guidelines to configure the α have been given by 
Scholze [21]. For example, addition of TiO2 into vitreous silica causes a decrease of 
the α even to negative values. An introduction of alkali oxides into silica glass leads 
to a loosened structure and, therefore, it increases the α. The same effect was found 
with the introduction of alkaline earth oxides, but in a smaller degree because the 
bonding of the alkaline earth ions in the network is stronger. For certain range, the α 
of a glass can be predicted from the following equation originally obtained by 
Winkelmann and Schott in 1894; 
 
  α  =  α1X1 + α2X2 +...+ αnXn  =  ∑ (αiXi) ,      (24) 
 
where αi are the characteristic factors or oxide increment and Xi are the portions of 
the individual oxides in weight percent. It is, however, questionable whether or not 
these systems can be applied to very unconventional composition ranges. So, those 
systems are used as rough screening criteria only. More calculation methods, i.e., 
Appen, Dietzel, etc are mentioned in [21]. In case of the SOFC application, high α 
(11-12⋅10-6 K-1) at high operation temperature (800-900 oC) is required. The 
correlation between α and Tg is shown in figure 25. The graph resembles a 
hyperbolic curve. Several commercial solder products are shown, however, none of 
them meets the requirements for SOFC. Therefore new sealant glasses must be 
developed. A further selective criterion of the α was its long term stability. Because of 
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the high operation temperature over 40,000 h, the sealant glasses were completely 
crystallized. Therefore the α of these crystalline phases should be as close to the 
joining partners as possible. In view of this, a quick survey of the α for each individual 
compounds in the literatures was executed. Based on the available data of crystalline 
properties, four groups showed a high value above 10⋅10-6 K-1: magnesium silicate, 
tridymite and crystobalite, barium silicate, and calcium magnesium silicate as shown 
in figure 26. Alkali compounds are not included in the figure due to their influence on 
the electrical resistivity. Tridymite and crystobalite have very high α in the 
temperature range of 25-300 oC, which does not meet the requirements for SOFC. 
The barium silicate group has the second highest α of 13 to 15⋅10-6 K-1, while 
magnesium silicate and calcium magnesium silicate groups have lower α in between 
10.5 and 12.5⋅10-6 K-1. The barium silicate system was, therefore, selected for the 
development of sealant glasses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  Plot of thermal expansion coefficient α vs. glass transition temperature 
Tg; private communication by R. Conradt based on a literature survey 
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Figure 26. Thermal expansion of alkaline earth compounds [82, 83, 84, 85] 
 
6.1.2 Electrical resistivity 
 
The electrical resistivity R’ in the units Ωcm is known as the inverse value of the 
electrical conductivity æ in units of Ω-1cm-1. Normally a substance is conductive due 
to the mobility of free electrons or ions. In glass, the alkali ions are primarily bonded 
ionically in the network and have a certain mobility, which gives a certain electrical 
conductivity. The electrical resistivity can be calculated from the Nernst-Einstein 
equation as: 
 
     
NeDZ
kTR 22'=  ,    (25) 
 
where k is the Boltzmann’s constant, T is the temperature in K, D is the self-diffusion 
coefficient of the charge carriers, Z is their charge unmber, e is the elementary 
charge, and N is the number of charge carriers per cm3 of the ions. Alkali ions are 
known to have the highest D values, that is, they generally determine the electrical 
conductivity. So, utilization of alkali in the sealant should be avoided in order to meet 
the requirement of high electrical resistance over 2 kΩ/cm2.  
 
6.1.3 Surface tension 
 
The surface tension σ in units of N/m refers to the energy necessary to form a new 
surface of 1 m2. As mentioned before in chapter 4.1, the primary requirement for 
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good adhesion is a good wetting. A low wetting angle is achieved, when the surface 
tension is low. A low wetting angle does not automatically indicate a good wetting 
[49]. It indicates, however, a wider spreading which might be useful for mechanical 
bonding. Therefore, lowering the surface tension of the glasses by configuring their 
composition is suggested. Dietzel, Lyon, and Appen [21] have reported the surface 
tension oxide increments σi used to determine the surface tension of soda lime glass 
at 900 oC according to the simple equation 
 
∑= ii Xσσ 1001  ,    (26) 
 
where Xi are the weight percent of individual oxides. The factor, for example from 
Dietzel [21], shows, a value of -610, 10, 120, 370, and 660 mN/m for V2O5, K2O, 
PbO, BaO, and MgO, respectively. According to this, small additions of V2O5 into the 
sealant compositions are used as surfactant. 
 
6.1.4 Viscosity 
 
The viscosity η in units of dPas refers to the force necessary to initiate a volume flow. 
If three pairs of viscosity η and temperature T are known, a calculation of the 
viscosity as a function of temperature is possible from the Vogel-Fulcher-Tammann 
(VFT) equation: 
 
    
0
log
TT
BA −+=η .     (27) 
 
The A, B, and T0 are constant values that can be calculated from three known pairs η 
and T [21]. It is also possible to calculate the η from glass compositions by using data 
available from literature, for example from Lakatos et al. [86]. Unfortunately this η 
prediction is not valid for high baria glasses. Reduction of the η by additions of alkali, 
B2O3, and some transition metal oxides are well known [21-23, and 87]. An 
appropriate viscosity is one of the key needs for a successful joint. At sealing 
temperature, glass should not have a too high viscosity because it would cause a too 
thick seal, and it should not have a too low viscosity to avoid bead drop (see 
figure 27).  
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Figure 27. Seal geometry indicating; a) ideal geometry, b) too high viscosity (thick 
seals), and c) too low viscosity (thin seals and bead drop) [30] 
 
6.1.5 Stability against evaporation 
 
The stability against evaporation of the glass sealants under H2 and H2O 
atmospheres must be considered for SOFC application. It is known from 
thermodynamic data that oxides react both with H2 and H2O. The reaction constant K 
can be calculated from the equation 
 
    RT
G
eK
∆−
=  ,      (28) 
 
where ∆G is the Gibbs energy of the evaporation reaction, R is the gas constant, and 
T is the absolute temperature. For example, barium silicate reacts with H2O and H2 to 
form Ba(g), BaO(g), Ba(OH)2(g), and BaH(g). These reactions are 
 
               BaO(s)   → BaO(g) ,                    (29) 
     BaO(s)   → Ba(g) + 1/2 O2(g)   ,        (30) 
    BaO(s) + H2O(g)  → Ba(OH)2(g) ,         (31) 
              2 BaO(s) + H2(g)  → 2 BaH(g) + O2(g) .           (32) 
 
The reaction constant K from equations 29 to 32 is calculated as 
 
    
BaO
BaO
a
PK =29  ,      (33) 
    
BaO
OBa
a
PP
K
2/1
2
30
⋅= ,       (34) 
a) b) c) 
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OHBaO
OHBa
Pa
PK
2
2)(
31 ⋅=  ,     (35) 
   
2
2
2
2
32
HBaO
OBaH
Pa
PPK ⋅
⋅=  .     (36) 
 
These K values represent the stability of each oxide. It was found that reaction 35 
has the highest reaction constant and, therefore, it controls the overall evaporation 
rate of BaO. The calculation for pure oxides yields an upper limit of the stability of 
these oxides in glasses. Figure 28 illustrates the plot of partial pressure of 
evaporation species with a function of PH2O from several oxides. The line in figure 
indicated a summarization of evaporation species (see details in appendix 6). Alkali 
oxides, V2O5, B2O3, and PbO are less stability than alkaline earth, so that their 
utilization should be avoided or minimized as much as possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  Plot of evaporation products of pure oxides as a function of water vapor 
pressure (calculation with HSC program [88] at H2O:H2, 5:1) 
 
6.2 Glass sample preparation 
 
For small scale tests, 200 g glass batches were melted from chemical grade raw 
materials at 1480 oC for 2 h in a Pt crucible in an induction furnace (see figure 29). 
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water (in order to avoid crystallization) as frits or into bar forms. Several kg batches of 
promising glasses were melted. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Induction furnace 
 
The batches were separated in small portions of 500 g for each melting cycle. After 
melting, fritted samples were mixed, dried, and milled in acetone in an agate mill 
using standard milling time and milling balls, to a size of d50 = 20-30 µm [78]. Two 
grinding methods, vibratory agate mill and high speed agate ball mill, were used to 
prepare powder samples. For small scale test of DTA, DSC, dilatometer, XRD, 
heating microscope, or evaporation stability, fritted glass or small pieces of glass 
were milled in a vibratory agate mill to a particle size < 63 µm.  Particle size 
distribution measured by a Masterpartisizer 2000 (laser technique) in isopropanol 
dispersion liquid showed d50 in between 10 and 15 µm (see figure 30). 
 
For large scale tests of sticking, gas tightness, and sealing in SOFC stacks, the 
glasses were milled in acetone at Jülich [78]; 100 g glass were milled in 30 g 
acetone, adding 0.1 g PVB. Each batch was milled for one hour with four 30 mm 
diameter balls, then half an hour with sixteen 20 mm diameter balls and half an hour 
with fifty 10 mm diameter balls. After this, the glass was dried at 60 °C for 24 h and 
the particle size distributions were measured by laser scattering in a Fritsch particle 
sizer. Figure 31 shows the particle size distribution of some of the investigated 
glasses. The curves for the different glasses looked very similar; for all tested glasses 
d50 was located between 15 and 34 µm, showing a good reproducibility of milling. 
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Figure 30.  Particle size distribution of glass powder samples (ground with agate 
mill), each line is the average of three measurements, glass codes in the 
figure are barium silicate glasses mentioned in chapters 7 and 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Particle size distribution of glasses 40 to 45 (see chapter 7.3 [78]) 
 
6.3 Characterization methods 
 
The characterization methods mentioned here refer to the general tests used in 
chapter 7-11. Special testing conditions will be described separately in the text. 
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6.3.1 Thermal expansion coefficient, glass transition, and dilatometric 
 softening point 
 
The thermal expansion coefficient α, glass transition temperature Tg, and dilatometric 
softening temperature TD were determined by a dilatometer (Netzsch) at a heating 
rate of 5 K/min for both glasses and partially crystallized glass samples. The term 
“partially crystallized“ used in the text means that the glass powder samples were 
sintered 10 h at 850 or 900 oC depending on their compositions. The samples were 
prepared by pressing glass powder mixed with terpineol binder into a rectangular 
shape of 3 x 4 x 50 mm3 at 10 kN. Values of the thermal expansion coefficient quoted 
in the text and in the tables are integral values in the temperature interval from 30 oC 
to 600 oC; values shown in the figures as a function of T are integral values in the 
interval from 30 oC to T. 
 
6.3.2 Melting behavior and wetting angle 
 
The softening behavior and wetting angle were studied by heating microscope 
(Zeiss) at a heating rate of 10 K/min from room temperature to 500 oC, and 2 K/min 
up to complete melting temperature in air. For this purpose, glass powder in a particle 
size < 63 µm was hand pressed to a pellet form of 1.5 mm in diameter and 3-4 mm 
high. The samples were placed on a high chromium steel (17 % Cr; no. 1.4742) 
substrate. Start of sintering temperature (T1), ball point temperature (T2), complete 
melting temperature (T3), and the contact angle (θ) at T3 were determined (see 
figure 32). 
 
 
 
 
 
 
Figure 32. Three characteristic temperatures of gradual softening 
 
T3 is detected when the melt reaches equilibrium of the flow over the steel surface. 
The contact angle of the solid-liquid interface from heating microscope can be both 
directly measured from the video images of the drop on the solid substrate, or  
calculated by 
T1 T2 T3 
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r
harctan2 ⋅=θ ,     (37) 
 
where h is the height and r is the radius of the glass drop. 
 
6.3.3 Joining tests  
 
In order to check the joining behavior of glasses under conditions similar to those in a 
stack, several joining tests were performed at Research Center Jülich by Schwickert 
[78]. As a simulation of horizontal joining, sandwich samples of two steel plates with 
glass paste (glass powder mixed with organic binders; ethylcellulose and terpineol) in 
between (see figure 33 a) were heated to the joining temperature of 850 or 900 oC for 
2 h.  Also two stripes of the glass were coated on the top of the steel surface in order 
to check the sticking of glasses. After firing, gas tightness was tested by a helium 
leakage test. Then two steel plates were separated and the joining behavior was 
investigated. A simulation of a conventional housing and a cube of steel substituting 
the actual stack (see figure 33 b) were joined with glass paste. The fired dummy 
stack was also used for water tightness measurements. Joining strength of promising 
glasses was determined by the tensile strength at room temperature (figure 33 c), 
and by the shear strength at 800 oC (figure 33 d). The samples for tensile tests 
consist of two cylinders, which have a tapped-through hole (size M10). Each cylinder 
has a diameter of 20 mm with a joining surface of 235 mm2. The test samples in 
figure 33 d consist of two steel plates with 50 mm width, 6 mm thickness, and 350-
400 mm2 joining interface. At 800 oC, the samples were pulled off with a velocity of 
0.02-0.03 mm/s. A quick sticking test was also double check at GHI by applying a 
small pellet samples (φ = 2 mm x 3 mm high) on steel (figure 33 e). After firing, the 
sticking of glass with steel was visually observed. 
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Figure 33. Different tests of glass-to-metal joining; a) sandwich samples, b) dummy 
stack, c) tensile strength, d) shear strength, and e) sticking test at GHI 
 
In order to meet the thermal cycling properties, thermal cycling tests using sandwich 
samples of two steel plates with glass paste in-between were performed. A hole was 
made in one of the steel plate for the helium detector (see figure 34). The samples 
were first sintered at a heating rate of 2 K/min to 850 oC for 10 h, then cooled to room 
temperature at the same rate. Thermal cycling was performed between room 
temperature and 800 oC with a heating rate of 2 K/min. During each thermal cycling 
interval, the gas tightness of the joint was checked by a helium leakage test. Values 
of leakage higher than 10-5 mbar⋅l/s indicated failure of gas tightness. These tests 
were be stopped. 
 
 
 
Figure 34. Samples designed for the helium leakage test [44] 
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6.3.4 Crystallization behavior 
 
Crystallization behavior and the phase content were investigated by differential 
thermal analysis (DTA or DSC) and X-rays diffractometer (XRD). For DTA (Netzsch, 
STA 409C) and DSC tests, 10 g of fritted glass samples were ground to a particle 
size < 63 µm in an agate mill. Then 10 to 20 mg were analyzed at a heating rate of 
10 K/min from room temperature to 1100 oC. For XRD tests, partially crystallized 
pressed-powder samples (φ < 63 µm) sintered at 850 to 900 oC for 10 h were 
prepared, and ground to a particle size < 63 µm. The fine powders were then 
analyzed by XRD (Philips PWA 1175) with a scan rate of 0.01 degree per second in 
the range of 2θ from 10 to 70o. 
 
6.3.5 Microstructure analysis 
 
The microstructure of interface layers and of crystallized glasses was studied by light 
microscope (Nikkon) and scanning electron microscope (SEM; Philips LEO 440i) with 
energy dispersive X-ray analysis (EDX; JEOL 733). 
 
6.3.6 Long term stability against evaporation 
 
An important aspect for the sealant is the stability of such a glass against evaporation 
in aggressive atmospheres. Tested samples were cut into rectangular pieces 
approximately 0.1 mm thick. They were polished with sand polishing paper no. 100 to 
eliminate corners and edges and cleaned in water and acetone. The density of the 
samples was then determined before putting them into a horizontal tube furnace (see 
figure 35 a) at a temperature of 800 oC ± 15 K, and exposed to a flow of 4 l/h of 
atmospheres with 833 mbar N2, 93 mbar H2, and 74 mbar H2O. The weight loss was 
measured after distinct exposure times. The heating profile of the furnace was 
determined before running the experiments (figure 35 b). From the heating profiles, 
an exposure area of 15 cm2 within the hot zone 800 oC ± 15 K was determined. For 
cleaning the measurement system, the empty furnace was operated under flowing 
atmospheres as mentioned for 3 d. The water temperature (vapor pressure) was 
controlled within a range of ± 1 K. 
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Figure 35. Illustration of; a) the horizontal furnace, and b) the temperature profile 
along the furnace 
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7. Development of sealant glasses 
 
7.1 Previous work  
 
Since 1995 the Research Center Jülich has been cooperating with ISC Würzburg to 
develop a sealant glass for the planar SOFC. The glasses were composed and 
melted in Würzburg. Finished samples as frit were sent to Jülich. The glasses were 
then milled in a rapid zirconia mill, mixed with polymeric binders and applied to the 
SOFC stacks. A magnesium borosilicate glass (glass 2GW) showed the best sticking 
properties with SOFC components (see also [11]). It was, however, found later that 
this glass had a poor reproducibility and had too low α to fit with the steel no. 1.4742 
used in SOFC stack. Since 1996, a parallel glass development program was 
established at RWTH.  
 
Doersing [89, 90] began his diploma thesis in 1997. He looked for high α glasses 
from the glass data handbook [91] and found that barium silicate glasses with 
additions of alkali or some transition metal oxides have the most promising α. He 
composed glasses by mixing BaO with SiO2 and varied additional oxides, namely 
Y2O3, La2O3, and Nd2O3. The batches were melted in an alumina crucible at 1500 oC 
for 2 h and fritted in water. Dilatometer, DTA, heating microscope, X-ray fluorescence 
(XRF) and XRD were used to characterize the glass properties. High α (> 11⋅10-6 K-1) 
and Tg (> 700 oC) were achieved. Additions of Y2O3 increased Tg and lowered α, 
while La2O3 and Nd2O3 increased both of Tg and α. Chemical analysis by XRF 
showed a contamination of Al2O3 from the alumina crucibles of 4 to 5 wt. %. Joining 
tests on sandwich samples were conducted under a load of 25 N at 950 oC. The 
stacks operated well. However, the joining was found later to be unstable, non-
reproducibility and sometimes causing a poor sticking.  
 
In 1998, the promising glasses from Doersing were optimized by Heilemann [79] with 
small additions of MnO, ZrO2, and B2O3. The effects of higher contents of Y2O3, 
La2O3, and Nd2O3 (5 mol %) were also studied. Some of the mixtures were melted in 
a sintered alumina crucible at 1450 oC for 2 h. During melting, the glass was stirred 
several times with an alumina tube for homogeneity. In order to avoid alumina up-
take from the crucible, a new melting procedure using a Pt crucible with Pt stirrer in 
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an induction furnace was applied. 5 mol % Al2O3 were added to the new glass 
compositions to be comparable to the glasses obtained from the alumina crucibles. 
Additions of 5 mol % La2O3 increased Tg too much, which resulted in a poor sticking. 
Additions of 2-4 mol % boron oxide did not show a significant effect on glasses with 
5 mol % La2O3. Glasses with MnO additions (10GA) showed a high α of 
11.37⋅10-6 K-1 with high Tg over 730 oC. They had, however, a poor sticking with steel, 
and a possible problem with evaporation stability. The electrical resistance test of 
glass 10GA showed a value of 10-20 kΩ/cm2 at 900 oC which was 10 times higher 
than the specification of the sealant (2 kΩ/cm2). 
 
7.2 Experimental concepts 
 
In order to develop sealant glasses, compositional variations between the three glass 
compositions from ISC Würzburg, Doersing, and Heilemann were tested. As before, 
the term “glass mixtures” is used here, although no real products are physically 
mixed. After several investigations, two promising glass compositions were selected 
for a large scale test. Finally only the best glass was selected for a further 
development. 
 
7.3 Empirical optimization of glass composition 
 
According to the previous work reported in 7.1, all developed glasses have their own 
advantages but do not yet meet the sealing requirements. Therefore, 18 glass 
compositions were designed as a mixture of three glasses: 10GA from Heilemann, 
no. 2 from Doersing, and 2GW from Würzburg as shown in figure 36. 
 
The mixing triangle with end members 10GA, no. 2, and 2GW, were prepared 
according to the methods described in chapter 6. 
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Figure 36.  Mixing triangle with end members 10GA, no. 2, and 2GW, oxide 
compositions in wt. % 
 
7.3.1 Crystallization behavior by DSC and XRD 
 
The crystallization behavior of the new glass was investigated by DSC and XRD. The 
DSC results in figures 37 a-c show a stronger crystallization tendency of glasses 
10GA + 2GW than glasses 10GA + no. 2 and glasses no. 2 + 2GW, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37. DSC plots of glasses from mixtures 28 to 33 (a), 34 to 39 (b), and 40 to 45 
(c); heating rate 20 K/min 
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In the series of glass 10GA + no. 2, it was found that crystallization increased along 
with the amount of glass 10GA (see DSC peak at approx. of 1000 to 1030 oC for 
samples 32 and 33). The findings on crystallization behavior of the mixing series 
mean that we could design new glasses with low or high crystallization by changing 
the ratios of the corner composition glasses.  
 
In the series of glass 10GA + 2GW, higher crystallization was found (sharp peak). 
The crystalline phases measured from samples sintered at 900 oC for 10 h were also 
checked by XRD as shown in table 6. Most of the crystals were CaMg(SiO3)2 
(diopside), BaAl2Si2O8 (celsian), MgSiO3 (protoenstatite) and 0.75SiO2⋅0.25Al2O3. 
Some glasses showed no crystallization (43-45). 
 
Table 6. XRD phases found in the crystallized glasses 
codes crystal phases codes crystal phases codes crystal phases 
28 Ba2Si3O8 34 CaMg(SiO3)2 40 CaMg(SiO3)2 
 0.75SiO2⋅0.25Al2O3 
SiO2 
35 
36 
0.75SiO2⋅0.25Al2O3 
BaAl2Si2O8 
 0.75SiO2⋅0.25Al2O3 
BaAl2Si2O8 
29 Ba2Si3O8 37 CaMg(SiO3)2 41 BaAl2Si2O8 
 SiO2  MgSiO3  MgSiO3 
30 BaO⋅SiO2  BaAl2Si2O8 42 BaO⋅2MgO⋅2SiO2 
 SiO2 38 CaMg(SiO3)2  SiO2 
   0.75SiO2⋅0.25Al2O3  0.75SiO2⋅0.25Al2O3 
31 SiO2, MnSi  BaAl2Si2O8 43 glassy state 
32 BaSi2O5 39 BaAl2Si2O8 44 glassy state 
33 BaSi2O5  MgSiO3 45 glassy state 
 
7.3.2 Dilatometric measurements 
 
Beside the dilatometric results of glasses 29 to 33 measured by Schwickert in Jülich, 
figure 38 shows the thermal expansion coefficient of steel no. 1.4742, which is used 
in the SOFC stacks. After sintering for one hour at 900 oC, the α of all glasses was 
very low. A step at 600-700 oC indicated a glass transition typical of partially 
crystallized glasses. At about 800 oC all glasses sintered for 1 h still showed a 
softening (dilatometric softening point), which is an unfavorable behavior for the 
joining process. Glasses 31-33 were sintered for 10 h at 900 oC in order to check, 
whether or not this could be prevented by longer sintering. After this treatment, the α 
of glass 31 was about 11.5⋅10-6 K-1 and none of the glasses did display softening in 
the investigated temperature.  
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Figure 38. Thermal expansion coefficient of glasses 29 to 33 [78] 
 
The α of glasses 34 to 39 increases with temperature, however, all glasses showed a 
lower value than the α of the steel. Glasses 40 to 45 (not shown in figure 38) also 
showed a lower α than steel. Some samples were sintered for 10 h at 900 oC, but 
after this heat treatment, the α was even lower than after the usual heat treatment at 
800 oC. This indicated that the remaining glassy phase was the cause of high α, but 
the α of the crystalline phases did not fit.  
 
7.3.3 Sagging dilatometry  
 
Sagging diratometry is a method well suited to investigate the behavior of a material 
during joining. The samples for the sagging dilatometer consisted of a layer of glass 
about 400 µm thick sandwiched between two steel plates. During testing, this 
specimen was exposed to a load of 1 kg, equivalent to a pressure of 39 kPa. The 
results give an idea of how the glasses will behave during joining in an SOFC stack. 
The measurements were performed by Schwickert in Jülich at a heating rate of 
2 K/min in air. 
 
Glasses 29 to 33 started shrinking at about 800 oC. Glass 33 showed the highest 
shrinkage (70 %); shrinkage decreased along the mixing series (down to 35 % for 
glass 29). Only glass 31, which had the highest amount of shrinkage, positively 
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deviated from this line. Glasses 34 to 39 started shrinking at temperatures below 
800 oC. All glasses shrank in two steps: one at 800 oC or below and one at about 
900 oC. This behavior turned out to be very positive for the glasses in the fuel cell 
stacks. The amount of shrinkage for all glasses (except glass 34) was between 50 
and 55 %. Glasses 40 to 45 also shrank in two steps. The first step started at 800 oC 
and the second one at 900 oC. The total amount of shrinkage for all glasses was 
between 45 and 55 % (figure 39).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39. Sagging dilatometry of glasses 40 to 45 [78] 
 
7.3.4 Joining tests 
 
The results of these tests are shown in the following table 7. As can be seen from the 
table, most glasses show poor sticking and spalling. Only glasses 40 and 41 provide 
a good sticking. “Glossy“ surfaces indicated the presence of glassy phase and 
“opaque“ indicate a partial crystallization state. “Yellow-green“ color is indicative of an 
interfacial reaction between high chromium steel and the sealant. From these 
experiments, glasses 31 and 40 were selected for further investigations in large scale 
and long term stability tests. Some additional oxides were used to optimize glass 31 
in order to improve sticking. 
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Table 7. Joining tests of sandwich samples [78] 
codes color surface reaction layer adhesion 
29 auburn glossy, wavy yellow-green poor 
30 dark red glossy yellow-green poor 
31 dark red glossy yellow-green poor 
32 dark red glossy yellow-green poor 
33 dark red glossy yellow-green poor 
34 white opaque none moderate 
35 light red opaque, pinholes yellow-green poor 
36 dark red opaque yellow-green poor 
37 dark red opaque yellow-green poor 
38 dark red opaque yellow-green poor 
39 dark red opaque yellow-green poor 
40 white opaque none good 
41 white opaque none good 
42 yellow opaque none spalling 
43 yellow opaque none spalling 
44 yellow glossy none spalling 
45 yellow glossy none spalling 
 
7.3.5 Calculation of the normative phase content 
 
The constitutional compounds of the mixing triangle between three glasses were 
calculated as shown in appendix 7. The mixing series are discussed in the following 
sections. 
 
a) Mixtures between glasses no. 2 and 10GA 
 
High baria glass (glass no. 2) was mixed with calcium barium aluminosilicate glass 
(glass 10GA) with a constant amount of 4-5 wt. % Al2O3. B2S3 was found in amounts 
of 90.5 wt. % in glass no. 2 and the rest was La2O3⋅SiO2 (see appendix 7 and 
figure 40 a). In glass 10GA, 70.6 wt. % C2BS3, 9 wt. % C2S, and a small amount of 
MnO⋅SiO2 and B2S as minor phases were found. When mixing glass no. 2 and glass 
10GA, the amount of B2S3 decreased dramatically from 90.5 to 9.7 wt. %. An amount 
of C2BS3 of 12.8 wt. % was found in glass 29. It increased to 74.18 wt. % in glass 33. 
As from the calculation, Al2O3 lead to the formation of celsian (BAS2 ≈ 15-20 wt. %) 
which is known to have a low α of 4.83⋅10-6 K-1) [82].  
 
b) Mixtures between glasses 2GW and 10GA 
 
Adding glass 2GW to glass 10GA led to a decrease of SiO2, B2O3, and MgO, but 
BaO, CaO, and MnO2 increased. This resulted in a decrease of MS from 40 wt. % in 
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glass 2GW to 15.9 wt. % in glass 35 and its disappearance in glass 36 (see appendix 
7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40.  Constitutional compounds in mixtures of glasses a) no.2 and 10GA, and 
b) 2GW and no.2 
 
By contrast, diopside (CMS2) increased from 31 wt. % in glass 2GW to 56 wt. % in 
glass 36. When the amount of CaO and BaO increased while MgO decreased, 
diopside was replaced by akermanite (C2MS2) and by BS2. The further steps were 
the change of akermanite and BS2 to C2BS3 and C2S when the glass composition 
had high BaO and CaO, but no MgO. Celsian still remained in small amounts in all 
glasses because it is very stable phase thermodynamically (see details in chapter 
5.3.1) 
 
c) Mixtures of glasses no. 2 and 2GW 
 
These mixtures were calculated as a mixture of the oxides BaO-MgO-Al2O3-SiO2. 
When glass 2GW was mixed with glass no. 2, SiO2 and MgO decreased while BaO 
increased. The amount of Al2O3 was kept constant in each mixture. The results 
showed a decrease of MS and CMS2 in glass 40. In glass 41, a new phase of BMS3 
occurred (26.5 wt. %) and increased to 57.1 and 41.3 wt. % in glasses 42 and 43, 
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respectively. CMS2 and MS disappeared in glass 42 because of its low MgO content. 
As the BaO increased (see figure 40 b). 
 
7.3.6 Long term evaporation stability tests 
 
Three partially crystallized glasses 31, 40, and 50GR (sintered at 1000 oC for 10 h, 
see composition in table 8, chapter 8.3.1) were used. The tests were performed 
under the conditions described in chapter 6. Mass loss was measured after district 
exposure times up to 2000 h. In addition to these tests, thermal gravimetry (TG) was 
performed with some glasses in a high resolution thermal balance (SETERAM MTB 
10-8). For the tests, pressed glass powder samples were exposed to the same gas 
flow conditions as in the horizontal tube furnace experiments described in chapter 6. 
The weight loss was measured on-line up to 336 h. Before testing, the instruments 
were set up and calibrated. The temperature was manually fixed at 900 oC ± 10 K 
expecting a higher mass loss in a shorter exposure time. Experimental results were 
resolved within a range of ± 0.1 mV  corresponding to 0.01 mg (see figures 41 a-b). 
The mass loss was calibrated by using CaCO3. 42.5 % weight loss was found 
(theoretical value: 43.97 wt. % (see figure 41 c). This is within the range of the 
experimental error stated above. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41.  Calibration of the thermal balance shows a) stability within 16 h, b) 
stability (very low drift) within 4 d, and c) mass loss calibration test by 
CaCO3 
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Figures 42 a and b illustrate the mass loss and the mass loss rate as a function of 
time determined by TG and by the tube furnace, respectively. The error bar in figure 
42 b was obtained from two tests. Glass 31 was the most stable one. It displayed an 
initial mass increase followed by a low loss rate of 0.05 µg/(cm2⋅h). Glass 40 showed 
a low loss of 0.58 µg/(cm2⋅h) after 2000 h. As expected, a high initial evaporation loss 
was observed with the B2O3 containing glass. However, under the assumption that 
the mass loss rate decreases linearly, the mass loss becomes very small after 
5000 h.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42. Plot of a) mass loss of glass 50GR with time (by TG), and b) mass loss  
                  rate with time (by tube furnace) 
 
A selective evaporation from condensed matter may follow two different scenarios 
yielding different time laws (see figure 43). The first type of kinetics is explained as a 
competition of two simultaneous evaporation mechanisms. This is the loss of a matrix 
component from the surface and the selective loss of a highly volatile compound by 
diffusion and evaporation, which can be calculated (in analogy to [92]) from 
 
  L1+L2 = ½ v⋅t + [D/v + ½v⋅t] erfc(z) + (D⋅t/ π )1/2 ⋅ exp(-z2)   ,        (41) 
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where L1 is the evaporation layer in cm, L2 is the diffusion layer in cm, v is the 
evaporation velocity in cm/s, D is the diffusion coefficient of volatile species in the 
bulk in g/cm2⋅s, t is the time in min, and z = v⋅t/(4D⋅t)1/2. The above equation can be 
verified by a regression analysis of experimental data according to a polynomial  
 
  Q = A⋅t + B⋅t1/2  ,             (42) 
 
where Q is the mass loss, t is the time, and A, B are regression constants.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43. Two types of evaporation kinetics, a) kinetic one, and b) kinetic two 
 
The second type of kinetics is the consecutive diffusion and evaporation of a highly 
volatile compound from a stable matrix, the rate depending on the surface 
concentration of the evaporating product. The rate r′ at the surface decreases like 
 
  r′ = r′o⋅ (1-Csurface/Cbulk) ,             (43) 
 
where C is the concentration. Thus, the mass loss per surface area develops like  
 
    Q = (1/β)⋅[(1+2β r′o⋅t)1/2-1], with β = r′o/(D⋅ρ⋅Cbulk) ,         (44) 
 
where, r′o is the initial evaporation rate from the surface, D is the diffusion coefficient 
of volatile species in the bulk, ρ is the density, and C is the concentration of volatile 
species. The second type of kinetics is verified by a regression analysis of 
experimental data to a polynomial  
 
   t = (2/AB)⋅Q + (1/A2B)⋅Q2 ,           (45) 
matrix evaporation ~ v⋅t 
selective evaporation ~ (D⋅t)1/2 
L1 L2 
evaporation from the surface at rate  r 
diffusion of volatile species to the 
surface (D) 
a) b) 
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corresponding to a time law  
 
  Q = A⋅[(1+Bt)1/2-1]   .            (46) 
 
Assuming the first type of kinetics, a final constant rate of 2.7 µm/(cm2⋅h) of glass 
50GR was expected. Evaporation kinetics 1 was found to match well with glass 
50GR tested by TG. The tube furnace tests did not allow a clear distinction of the 
kinetics. For a conservative prediction (“certainly not higher than”) of evaporation 
rates, the rate law of kinetics 1, yielding a transition from an initial square root to a 
final linear time law is used. The minimum of evaporation rate (“certainly not less 
than”) is predicted by the second type of kinetics. 
 
7.4 Consequences 
 
In the investigations discussed previously, the mixed glasses showed some 
promising features. For examples, the crystallization velocity of glasses could be 
configured by mixing series of different glasses. M-C-A-S glasses had a limitation of 
the α at 11⋅10-6 K-1 due to the content of MS. Calculation of the constitutional 
compounds always showed a minor content of diopside (CMS2) causing a low α. 
Stability against evaporation of glasses in the system B-C-A-S was even a bit better 
than that of M-C-A-S glasses. Therefore, a glass in the system of B-C-A-S namely 31 
in the mixing series of glass 10GA and glass no. 2 was selected for the further 
development. Very high mass loss, however, was detected in the sample containing 
24 wt. % B2O3 (50GR). Minimization of boron oxide should, then, be considered for 
the future development.  
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8. Optimization of “glass 31” 
 
8.1 General remark 
 
According to the results reported in the previous chapter, barium calcium 
aluminosilicate glasses were most suitable for SOFC joining above 900 oC. The best 
candidate was glass no. 31. However, following a development trend, operation 
temperature was change to 800 oC, and the joining temperature to 850 oC. As a 
result, no. 31 did not fit any longer well. The results from dilatometer, heating 
microscope, and joining tests showed that glass 31 had a too high TD, so that the 
further development shall concentrate on crystallization rate control and on 
decreasing the dilatometric softening point TD of glass 31. 
 
8.2 Experimental 
 
For the further optimization of glass 31, a completely new strategy was used. Glass 
were no longer varied on the basis of oxide content (assisted by the increment 
methods of property calculation described in chapter 5), or on the basis of mixing 
series among hitherto successful glasses, but on the basis of the anticipated phase 
content of their crystallized state. For this approach, CCC was used as most powerful 
tool. Nine glass compositions were designed in this way. The glass compositions 
were designed to have constitutional compounds C2BS3 and BxSy like glass 31 (see 
table 8). Therefore, CaO-BaO-SiO2 ratios were kept nearly constant (except for 
glasses 70 and 72 which contained more CaO). In order to reduce the viscosity η, 
additions of ZnO with less effect on the α than B2O3 [24] were used in parallel with 
additions of PbO and B2O3. SrO was added in glass 61 to study its influence of 
crystallization behavior [93], while V2O5 was used as a surfactant [21]. La2O3 
increase the Tg, beyond the scope of the newly defined temperature, therefore, this 
oxide was eliminated in glasses 61, 62, and 70-73. MnO was originally applied by 
Heilemann in order to lower η and dissolve ZrO2. This effect was not significant for a 
new design of glass sealants. 
 
 
 
 
Optimization of “glass 31” 76 
8.3 Results and discussion 
 
8.3.1 Optimization of glass transition, dilatometric softening, and wetting 
angle 
 
The plot of Tg, TD, and α of different glasses is shown in figure 44 a.  As can be seen, 
the series of glasses 31 to 73 shows a decreasing trend of Tg and TD by 
approximately 100 K. Glass 73 with 8 wt. % B2O3 and 2 wt. % PbO showed the 
lowest Tg of 621 oC. Comparing these glasses to glasses 40 and 50GR, both glasses 
(40 and 50GR) have lower Tg, which provides a better sticking under the new 
conditions. However, after crystallization, glass 40 shows a very low α of 9.6⋅10-6 K-1 
and glass 50GR is known to be unstable due to its high evaporation loss (see 
chapter 7.3.6). 
 
Table 8. Chemical compositions of investigated glasses 
oxides 31 57 58 59 61 62 70 71 72 73 40 50GR 
SiO2 34.78 33.62 32.07 32.67 32.07 32.96 31.03 34.25 30.14 33.91 43.85 24.41 
BaO 43.67 42.21 40.27 41.02 39.08 40.27 37.91 41.85 36.83 41.43 21.77 30.65 
CaO 10.52 10.17 9.70 9.88 9.70 9.70 15.06 8.31 15.54 8.23 3.60 0.07 
MgO - - - - - - - - - - 17.85 19.10 
Al2O3 4.64 4.35 4.15 4.23 4.15 4.15 1.88 2.08 1.83 2.06 4.88 0.31 
La2O3 4.45 4.30 4.10 4.18 - - - - - - 1.67 - 
MnO 1.94 1.88 1.79 1.82 - - - - - - - - 
ZnO - 3.47 3.31 3.38 3.00 3.31 - 3.12 1.94 3.09 - - 
PbO - - 1.84 1.88 4.00 1.84 1.88 2.08 1.83 2.06 - - 
B2O3 - - 2.77 0.94 2.00 2.77 7.53 8.31 7.31 8.23 6.38 24.84 
SrO - - - - 5.00 5.00 4.71 - 4.58 - - 0.62 
V2O5 - - - - 1.00 - - - - 0.99 - - 
 
Figure 44 b shows α300-600 of glasses no. 57 to 73 measured from both glassy and 
sintered samples (900 oC for 10 h). As a result of the new phase oriented approach, 
most of them had a higher α after crystallization (except glass 40 because of its 
content of low α compounds CMS2 and BAS2). The contact angles of investigated 
glasses as obtained from heating microscope are shown in figure 45. Glass 50GR  (a 
short-hand notation of “50” in figures 44 to 46) has a very low ball point temperature 
(T2) because of its high B2O3 content. This glass starts to soften at 743 oC (see figure 
46). The wetting angle is detected as 54.6o at 850 oC, which is rather high if 
compared to the other glasses (25 to 45o). 
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Figure 44. Illustration of a) Tg and TD, and b) the α of investigated glasses 
 
The effect of its high contact angle may stem from MgO. One weight percent of V2O5 
is added to glass 73 to lower its wetting angle [21]. The result was a decrease of the 
wetting angle from 40 to 29o, and it also has an effect to lower T1, T2, and T3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45. Contact angles of different glasses to the steel substrate at T3 
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8.3.2 Crystallization and melting behavior 
 
The three characteristic temperatures T1 to T3 from heating microscopy and the DTA 
signal of different glasses are summarized in figures 46 a-b. Glass 40 has a lower 
ball point temperature (T2) than glass 31 by 130 K. This was the reason why glass 40 
had better sealing behavior at 900 oC than glass 31. The temperature of complete 
wetting (T3) of glass 40 is very high if compared to the other glasses because of the 
crystallization occurring during heating. According to the dilatometric measurement, 
glass 31 also crystallized, but this effect could not be found by heating microscopy. 
Glasses 70, 71, and 72 were adjusted by additional B2O3 (7 to 8 wt.%). A lower start 
of sintering temperature (T1) of these glasses by 40 to 60 K was found. However T2 
and T3 of these glasses are very different. The distance between T1 and T2 of glass 
71 is shorter than that of glasses 70 and 72. This is because of their faster 
crystallization, which is detected by DTA (see crystallization peak in figure 46 b). 
Glass 70 and 72 showed a sharp exothermic peak at 872 oC and 893 oC, 
respectively. The constitutional compound calculation reveals C2BS3, BaO⋅B2O3, and 
BAS2 as major phases of these glasses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46. Plot of a) T1 (start of sintering), T2 (ball point), and T3 (complete melt) of 
different glasses, and b) DTA signal of glasses 58, 70, 71, and 72 
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Glasses 57, 58, and 59 were adjusted from glass 31 by small additions of transition 
metal oxides and fluxing oxides. T1, T2, T3, and the wetting angle strongly 
decreased and yielded better joining properties. A further development yielding 
glasses no. 61 and 62 resulted in a decrease of T1 and an increase of T2 and T3. 
Glasses 70, 71, and 72 were derived from glass 58. All three glasses had a lower T1. 
However, glass 72 had a very high T2. This is because of its strong crystallization as 
detected by DTA (see figures 46 a-b). The relation of T1, T2, and T3 was found to 
have a significant effect on the joining properties. Very good joining properties 
resulting in a good gas tightness was found for glasses 71 and 73.  
 
Experimental results of the melting behavior, wetting angle and crystallization 
behavior lead to the conclusion that a glass with good joining properties at a given 
joining temperature Tj (e.g., 800 or 900 oC ) must have 
 
- a start of sintering temperature definitely  below Tj, 
- a ball point temperature not too far above Tj (≈ 40 to 80 K), 
- a low wetting angle at T3, and 
- a crystallization velocity slow enough that the spherical shape at T2 can form  
 under a heating rate of 2 K/min. 
 
However, low wetting angle at low temperature may also have negative consequences 
because a harmful crystalline phase may occur at the joining interface after long term 
application. 
 
8.3.3 Microstructure of the interface between sealant and steel 
 
The position of the seal in the gravity field has an influence on the kind of the 
interface. The joining to the lower interface (glass flow supported by gravity) is always 
tighter than the joining to the upper interface. As an example, glass 31 reached good 
joining to the lower partner, but a poor result with the upper partner (see figures 47 a-
b). In this particular case, gas tightness was not reached. The interface at higher 
temperature was excellent for all samples as can be seen from figures 47 c-f. It 
joining is performed under a high load, the gravity effect becomes less pronounced. 
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Figure 47. Microstructure of the joining interface between glass and steel; a-b) 
samples from sandwich tests at Jülich, and c-f) samples from a wetting 
test in heating microscope of glasses 31, 40, 58, and 73 respectively 
 
8.4 Consequences 
 
Table 9 illustrates physical properties of all investigated glasses. Long term 
evaporation stability was determined from weight loss of glass chips in a tube furnace 
(flow with 833 mbar N2 + 93 mbar H2 + 74 mbar H2O at 800 oC) in time intervals up to 
2000 h. Experimental results from table 9 show a good adhesion of barium rich glass 
ceramics to both high chromium steel (18 % Cr) and ceramic substrate. The 
investigations mentioned above lead to the conclusion that there are several factors 
influencing the sticking of glass with steel. The most important factors are (1) a 
proper viscosity, (2) a low surface tension and (3) a slow crystallization velocity. 
 
The thermal expansion coefficients (α) of the ceramic substrate, the steel, and the 
partially crystal glasses are plotted in figure 48. The α of partially crystallized glass 73 
is higher than of glass 58 but lower than of glass 31. Glass 73 had much better 
sticking properties at 850 oC than 58 or 31. Glasses 58 and 73 were promising 
candidates for a joining temperature of 900-950 oC and 850 oC, respectively. 
a) c) b) 
d) e) f) 
glass 31, 1220 oC 
glass 40, 1200 oC glass 58, 1100 oC glass 73, 1080 oC 
steel 
steel 
steel 
steel 
steel 
steel 
glass 31, 900 oC, 2 h 
glass 31, 900 oC, 2 h 
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Table 9. Physical properties of different glasses 
glass codes properties 31 57 58 59 61 62 70 71 72 73 40 50GR 
T1 in oC 890 868 845 864 843 850 800 798 803 788 850 743 
T2 in oC 1020 940 900 - 914 - - 862 1128 841 900 780 
T3 in oC 1175 1148 1112 1137 1153 1146 1164 1080 1148 1070 1250 850 
θ in o 56.0 44.0 41.3 46.6 37.3 38.6 39.7 39.7 39.5 29.0 54.6 54.6 
at T in oC 1180 1157 1125 1144 1153 1146 1164 1080 1165 1070 850 850 
α⋅10-6K-1 a 10.56 10.41 10.07 10.26 10.71 10.53 11.32 10.77 11.44 10.3 9.96 9.04 
Tg in oC 719 672 654 662 658 661 625 622 629 621 - 586 
TD in oC 769 749 714 733 727 720 681 668 672 685 - 650 
α⋅10-6K-1 b 11.52 10.53 10.51 10.65 10.93 10.77 11.70 10.50 12.22 11.07 9.62 - 
mass 
lossc  
-0.23 -0.05 1.70 0.15 - - - - - - 0.69 3.59 
gas 
tightnessd 
- - - - 50 4 100 3⋅10-9 10 2⋅10-9 - 10-7 
a = glass sample, b = sample sintered at 900 oC for 10 h, c = data from 1500 h test 
in tube furnace; units in µg/(cm2⋅h), d = leak rate in units of mbar⋅l/s from samples 
sintered for 10 h at 800 oC only; therefore, a loss of gas tightness for glasses 61, 62, 
70, and 72 was no surprise. 
 
The α of glass 73, however, was still a little bit too far from the joining partners. 
Therefore, an optimization of the α of this glass was performed by an investigation of 
the entire B-C-A-S system (see chapter 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48.  Thermal expansion of glasses 31, 58, and 73 compared to steel and 
ceramic substrate  
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9. Optimization of the sealants in the B-C-A-S system 
 
 
 
 
9.1 General remark 
 
Barium calcium aluminosilicate (B-C-A-S) and barium calcium magnesium 
aluminosilicate (B-C-M-A-S) have been studied before [7, 8, 78, 79] as joining 
materials for high chromium steel used in SOFC stacks. More than 43 literature 
citations were evaluated for thermal expansion of alkaline earth barium silicate 
glasses [91]. Most of them had low α in between 3 to 8⋅10-6 K-1. In order to find the 
best sealant compositions, the entire B-C-S system was re-investigated. The 
investigations of former researches and from literature did not cover the entire 
system, but concentrated on some areas of the B-C-A-S phase diagram only. 
Partridge et al. [94] studied glass forming regions in ternary lithia, magnesia, and zinc 
aluminosilicates. Glass forming regions of another systems are reported in chapter 5 
and in [91], however, a lot of data on the B-C-A-S system is not yet available. The 
following work shall, therefore, focus on the entire B-C-A-S system. Several physical 
and chemical properties are investigated through the entire glass forming determined 
in chapter 5 already. 
 
9.2 Experimental 
 
1 kg batch of the four corner compositions of the glass forming region were melted. 
33 mixtures of these four major glasses were re-melted and their thermal expansion 
coefficients, crystallization behavior, wetting properties, sticking behavior to steel and 
phase equilibrium were analyzed. After these investigations, six more glass 
compositions in the most promising areas with respect to α and sticking behavior to 
the steel were melted and analyzed. Finally, small amounts of further oxides were 
added to optimally meet the requirements for SOFC application. Thermal expansion 
coefficients of the glasses and partially crystallized glasses were determined by 
dilatometry. Heating microscopy was used to investigate melting behavior and 
wetting properties. The crystallization behavior was investigated by differential 
thermal analysis (DTA), while the phase content was determined by X-ray diffraction 
(XRD). The microstructure of joining interfaces was studied by scanning electron 
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microscopy (SEM) and energy dispersive X-ray analysis (EDX). Beyond this, 
sandwich samples with solder glass between two steel plates, and a vertically joined 
dummy stack were prepared and tested for gas tightness (details of the tests already 
reported in chapter 6) 
 
9.3 Results and discussion 
 
9.3.1 Selection of four major compositions to cover the entire range of the 
glass forming region 
 
Former results [95, 97] revealed that partially crystallized B-C-S glasses with high 
alumina contents showed low α because of the formation of celsian 
(BaO⋅Al2O3⋅2SiO2, BAS2). Therefore, B-C-A-S glasses with additions of only 5 wt. % 
Al2O3 were selected for further investigations (see table 10).  
 
Table 10. Properties of four major glasses 
glasses compositions in wt. % oxides 3 8 20 22 
BaO 26.60 61.70 - 41.80 
CaO 27.60 - 34.20 4.80 
Al2O3 5.00 5.00 5.00 5.00 
SiO2 40.80 33.30 60.80 48.40 
constitution compound calculation in wt. %   
BA 4.33 - - - 
CS 28.23 - 65.15 9.93 
C2BS3 55.42 - - - 
BAS2 12.02 18.39 - 18.39 
B2S3 - 49.70 - - 
BS - 31.91 - - 
S - - 21.21 10.59 
CAS2 - - 13.64 - 
BS2 - - - 61.09 
glasses properties     
α in 10-6 K-1 10.45 11.52 8.43 9.05 
Tg in oC 743 720 739 704 
TD in oC 778 767 791 760 
 
200 g batches of glasses BCAS-3, -8, -15, -20, -21, and -22 (see appendix 5) were 
melted. Glasses 15 and 21 were found to be too viscous for casting. Therefore one 
kg of each four glasses 3, 8, 20, and 22 were melted at 1480 oC for 2 h. The molten 
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glass was fritted in cold water and milled to less than 500 µm particle size by an 
agate mill. Some rest glass was poured into graphite molds and annealed at 740 oC 
for dilatometer and sticking tests. Dilatometric results of these four glasses showed 
an increase of the α from 8.43 to 9.05, 10.45 and 11.52⋅10-6 K-1 in the sequence of 
glasses 20, 22, 3, and 8, respectively (see table 10). Glass transition temperatures 
(Tg) ranged from 700 to 740 oC; TD from 760 to 790 oC. 
 
According to table 10, glass 8 has the highest thermal expansion coefficient, close to 
the steel 1.4742. The constitutional compound calculation showed B2S3 and BS as 
major phases. 
 
9.3.2 Compositional variation among the four major glasses 
 
Figure 49 shows the positions of 33 mixtures of the four end glass members (glasses 
3, 8, 20, and 22) in the phase diagram B-C-S. 80-100 g of each mixture was re-
melted to 1480 oC for 1 h. Two glass types of glass block and fritted were performed. 
The number of each glass plus a capital letter was used to denote a glass 
composition. For example, “322B” means glass 3 mixed with glass 22 at composition 
B. Glasses named by capital M refer to mixtures of glass 322C with two further 
glasses. For example,“38M” means glass 322C mixed with glasses 3 and 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 49. Positions of 33 mixtures of the four major glasses no. 3, 8, 20, and 22 in 
the phase diagram of the system B-C-S 
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9.3.3 Investigation of glass properties in the investigated composition range 
 
a) Sticking and gas tightness test  
 
Two plates of steel were joined together by two lines of paste. The specimens were 
sintered for 10 h at 900 °C in air. After this, the joint was examined. As shown in 
figure 50, a maximum of gas tightness was found in the region around glass 22. Near 
glass 8, the sealing seemed to have sintered, but it did not melt sufficiently to wet the 
steel surface. Between glasses 3 and 20, spalling was found. For some of the 
glasses with good joining properties, additional tests under an additional load were 
performed. Specimen joined under load, as expected, always had better joining 
properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 50.  Investigation of glasses in the glass forming region of the system B-C-S 
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b) Thermal expansion coefficient (α) 
 
Table 11 shows α, Tg, and TD of these glasses. Mixing of glasses 3 to 8, 8 to 20 and 
8 to 22 showed a high Tg (700-735 oC) and a high α in the range of 11 to 12⋅10-6 K-1. 
 
Table 11. Thermal expansion of different glasses 
glass samples sintered samples* 
glasses α30-600  α100-600  Tg (oC) TD (oC) α30-600 α100-600 
38A - - - - 11.86 12.28 
38B - - - - 11.04 11.24 
38C 10.97 11.15 727 782 11.43 11.58 
38D - -   10.47 10.72 
38E 11.09 11.30 735 789 - - 
38M 10.80 11.14 722 775 - - 
820F 10.61 10.79 717 768 10.89 11.09 
820H 10.85 11.06 722 776 - - 
822C 10.51 10.75 703 756 11.05 11.49 
822E 10.90 11.07 709 762 11.67 11.87 
822M - - - - 11.38 11.80 
BCAS3 10.45 - 743 778 10.05 10.16 
BCAS8 11.52 11.56 720 767 13.03 13.39 
BCAS20 8.43 8.59 739 791 9.27 9.69 
BCAS22 9.05 9.17 704 760 9.54 9.78 
* sintered samples at 2 K/min to 900 oC, 10 h and cooled down to 25 oC by 2 K/min 
 
c) X-rays diffraction (XRD) 
 
Table 12 on the next page shows XRD results compared with the calculation of 
constitutional compounds. As can be seen, celsian (BAS2) occurs as a primary phase 
in most glasses. Major constitutional phases are more or less found in the real 
crystallization process, too. 
 
d) Heating microscope 
 
Table 13 shows the results of glass mixtures compared with glasses 58 and 73. None 
of the glass mixtures had a melting behavior similar to glasses 58 or 73. 
Glasses 822C and 820H had almost constant rectangular shape until 1100 oC due to 
their strong crystallization. Glasses 322A and 820F had lower sintering temperature 
than other glasses but they still had their ball point temperature (T2) too far from the 
start of sintering temperature (T1), when compared to glasses 58 and 73. 
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Table 12. Existing compounds investigated by XRD 
compounds glass codes XRD* calculation** tested at 
38A B2S3, BS, BAS2 B2S3, BS, BAS2, C2BS3 GHI 
38M C2BS3, CS, CAS2 C2BS3, BS2, BAS2, B2S3 GHI 
38E C2BS3, BAS2, BS C2BS3, BAS2 GHI 
822C B5S8, BAS2 BS2, BAS2 GHI 
BCAS3 C2BS3, BAS2 C2BS3, C,  BAS2 GHI 
BCAS8 BS, BAS2 B2S3, BS2, BAS2 GHI 
BCAS20 CS CS, S, CAS2 GHI 
BCAS22 B3S5 BS2, BAS2, S GHI 
203B CS, BS, S CS, BS2, BAS2 Jülich 
2420M CS CS, BS2, BAS2, S Jülich 
322A C2BS3, CS BS2, BAS2, CS Jülich 
322D C2BS3 CS, BS2, C2BS3, BAS2 Jülich 
820D CS BS2, CS, BAS2 Jülich 
820F C2BS3, B5S8 BS2, C2BS3, BAS2 Jülich 
822M B5S8, S BS2, BAS2, C2BS3 Jülich 
2420E C2BS3, CS BS2, CS, BAS2, S  Jülich 
* = samples sintered at 900 oC for 10 h  
** = more than 10 wt. % with an order from high to low 
 
e) Investigation of the B-C-A-S phase diagram 
 
As a further aspect, the α of some constitutional compounds were investigated. A 
sketch of the constitutional relations in the B-C-S system is shown in figure 51. 
 
Table 13. Melting behavior of different glasses tested by heating microscopy 
glass codes T1 in oC T2 in oC T3 in oC contact angle in o 
38C 900 - 1233  32.9 (at 1233 oC) 
38M 860 - 1201 32.6 (at 1201 oC) 
322A 790 1106 1157  37.7 (at 1157 oC) 
822C 1160 - 1213 48.5 (at 1213 oC) 
820H 1100 - 1172 46.8 (at 1172 oC) 
820F 860 1149 1175  36.0 (at 1175 oC) 
58 845 900 1125 41.3 (at 1125 oC) 
73 788 851 1070 29.0 (at 1070 oC) 
 
The α of the constitutional compounds were taken from MacDowell [93], Touloukian 
[82], and Oehlschlegel [84, 85]. C2BS3 was investigated by own experiments. Please 
note that all samples contained 5 wt. % alumina. Thus the corners do not represent 
constitutional compounds to 100 %. 
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Figure 51. Sketch of the constitutional relations in the system B-C-S; glass forming 
region 
 
In order to determine the α of C2BS3, C2BS3 glass composition was melted at 1480 oC 
in a Pt crucible for 2 h. The melt was stirred to enhance homogeneity. The molten 
glass was fritted into ice water. Dry samples were ground to a size < 63 µm in an 
agate mill. Samples (2 g) were pressed in a form of 5 x 5 x 40 mm3 by cold isostatic 
press (CIP) at 100 kN. The pressed samples were crystallized at 920 oC for 2 d 
(determined before as crystallization maximum by DTA). The formation of C2BS3 was 
confirmed by XRD. Dilatometric results showed an α30-600 of 11.6⋅10-6 K-1. Figure 52 
shows exothermic peaks of C2BS3 at 920-925 oC determined from DTA at 10 K/min. 
The reproducibility of the measurement was acceptable. After the entire glass forming 
system of B-C-S was investigated by both experimental (sticking behavior with steel, 
gas tightness, heating microscopy, dilatometry, and XRD) and theoretical methods 
(constitutional compound calculation [97]), only glasses in some parts of the system 
were found to have good joining properties. For example glasses at the CS corner 
were not useful because of their low α. Glasses at the corner close to B2S3 and C2BS3 
had too fast crystallization and did not stick with steel (confirmed by heating 
microscopy). The glass compositions near glass 22 stuck well with steel but they had 
rather low α. The potential range optimally meeting the requirements of good sticking 
with steel is illustrated in figure 53. 
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Figure 52. Crystallization peak of C2BS3 at 920 oC measured by DTA at 10 K/min 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 53.  Plot of constitutional regions, thermal expansion coefficients, and sticking 
behavior in the glass forming region of the B-C-A-S system 
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9.3.4 Investigation of the area of well adjusted thermal expansion and optimal 
sticking 
 
The most interesting area is located within the horizontally hatched field in which 
good sticking, and high α was found (figure 53). BS2, B2S3, and C2BS3 had a high α. 
That is why the optimum glass composition should be located within the BS2-B2S3-
C2BS3 triangle. After discovering this principle, 6 more glass compositions located 
within the horizontally hatched field were melted and analyzed (see figure 54). The 
chemical compositions and some investigated properties of these glasses are 
illustrated in table 14.  
 
 
 
 
 
 
 
Figure 54. Selection of 6 glass compositions within well adjusted α and sticking 
properties in the system B-C-A-S 
 
As can be seen from table 14, although the α of all glasses was in the same range of 
11.0 to 11.2⋅10-6 K-1, they had very different melting behavior due to their different 
content of the constitutional compounds. Figures 55 a-d shows the sintering behavior 
of glasses S1-S6 determined by heating microscopy. The results were compared to 
glasses 58 and 73. Glass S2 had a lower sintering temperature than the other 
glasses (except glass S3). However, glass S3 still maintained a rectangular shape 
when compared to glass S2. A change of sintering shape did not occur with glasses 
S4 and S5, because of their fast crystallization. When compared to glasses 58 and 
73, these glasses still had too high T1 and T3. All glasses had a similar melting 
behavior of a sudden melt formation from a rectangular or round edge shape to a 
complete melting without formation of a spherical shape. 
 
Considering all investigated results, two glasses, S1 and S2, met the requirements 
for joining, but their gas tightness and thermal cycling ability had to be optimized. 
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Glass S2, which had a lower sintering temperature by 20 K than glass S1 was 
selected for a further optimization. 
 
Table 14. Chemical compositions and physical properties of 6 glasses S1 to S6 
glass compositions in wt. % oxides S1 S2 S3 S4 S5 S6 
SiO2 39.0 39.9 39.9 40.9 39.0 38.5 
BaO 45.1 46.5 48.4 49.8 51.7 48.4 
CaO 10.9 8.6 6.7 4.3 4.3 8.1 
Al2O3 5.0 5.0 5.0 5.0 5.0 5.0 
constitutional compounds in wt. % 
BS2 20.58 37.53 41.27 51.84 32.98 18.30 
C2BS3 43.32 34.15 26.60 17.24 17.07 32.16 
B2S3 17.69 9.93 13.74 12.34 31.56 31.15 
BAS2 18.41 18.39 18.39 18.58 18.39 18.39 
physical properties 
Tg 737 731 737 721 736 739 
TD 800 801 794 788 793 791 
α30-600 a in 10-6 K-1 11.20 10.95 11.18 11.03 11.12 11.22 
α30-600 b in 10-6 K-1 11.24 11.10 11.27 10.92 11.19 11.14 
T1 in oC 890 864 840 900 1108 891 
T2 in oC - - - - - - 
T3 in oC 1195 1162 1157 1161 1190 1150 
contact angle (o) 
(at T in oC) 
33.64 
(1195) 
47.92 
(1162) 
54.99 
(1157) 
49.13 
(1161) 
49.13 
(1190) 
47.90 
(1150) 
He-leakage ratec  4 x 10-2 1 x 10-1 3 3 3 4 x 10-2 
a = glass samples, b = samples sintered at 900 oC for 10 h, c = determined on 
samples with ground steel sintered at 800 oC for 3 h by Schwickert in Jülich (unit in 
mbar⋅l/ s) 
 
9.3.5 Optimization of the joining properties 
 
With the utilization of the CCC utility, four compositions of glasses S25, S26, S27 and 
S28 were calculated with small variations of additives B2O3, PbO, ZnO, and V2O5. 
Their final compositions after configuring with the amounts of additives must be 
located within the triangle of the three major constitutional compounds BS2-B2S3-
C2BS3. The α of the glasses and partially crystallized glasses, melting behavior and 
wetting properties, crystallization behavior, phase contents, microstructure of joining 
interfaces, and gas tightness from sandwich samples with solder glass between two 
steel plates were investigated. 
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Figure 55. Melting behavior of glasses S2-S6 compared to glasses 58, 71, and 73 at 
a temperature of; a) 900 oC, b) 1100 oC, c) 800-1195 oC for glass S1, and 
d) 800-1150 oC for glass S2 
 
The chemical compositions, physical properties, and constitutional compounds of 
these glasses are shown in table 15. Glass S25 had the lowest Tg and TD. It showed 
a residual glassy phase after sintering at 850 oC for 10 h like glass 73 as can be seen 
from the steep increase of α between 600 and 700 oC in figure 56 a. All glasses have 
similar α due to their equivalent constitutional compounds content. 
 
Elimination of ZnO (S26) accelerated the crystallization velocity as can be seen by a 
very small amount of persisting glassy phase (figure 56), but it showed an 
insignificant effect on Tg and TD. By contrast, removal of PbO did not disturb the 
crystallization velocity but caused an increase of Tg and TD by 10 K.  Glass S28 had 
the highest Tg and TD and the fastest crystallization velocity indicated by a sharp 
peak around 800 oC from DTA in figure 56 b, and the linear α curve in figure 56 a. In 
DTA tests, all glasses showed a similar densification effect around 760 oC. 
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Table 15. Chemical compositions and physical properties of investigated glasses S25 
to S28 
compositions in wt. % oxides S25 S26 S27 S28 
SiO2 27.91 28.44 28.91 29.80 
BaO 49.14 51.05 52.24 50.05 
CaO 5.66 6.01 6.23 6.42 
Al2O3 3.29 3.50 3.62 3.73 
ZnO 3.00 - - - 
PbO 2.00 2.00 - - 
B2O3 8.00 8.00 8.00 5.00 
V2O5 1.00 1.00 1.00 5.00 
physical properties 
Tg in oC 611 612 621 640 
TD in oC 669 668 680 704 
α
300-600
 in 10-6 K-1 (a) 10.99 10.80 10.80 10.90 
T1 778 760 790 765 
T2 821 - 990 1021 
gas tightness(b) yes no no no 
(a) = treated samples at 850 oC for 10 h  
(b) = treated sandwich samples at 850 oC for 10 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56.  Determination of a) thermal expansion behavior, and b) crystallization 
behavior of glasses 73, S25, S26, S27, and S28 
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Figure 57 shows a comparison of α between glasses 73 and S25. Glass S25 did not 
only have a higher α but also a better stability against crystallization as indicated the 
remaining of glassy phases after a heat treatment at 800 oC for 24 h.  Both glasses 
showed a distinctly lower α for samples treated at 800 oC for 24 h, but not as low as 
glass 73. Glass S25 was, therefore, expected to have better sealing properties.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 57. Comparison of the α between glasses 73 and S25 
 
In further steps, a variation of additional oxides; NiO, CoO, CuO, V2O5, and B2O3 in 
glass S25 were performed. Table 16 shows the chemical compositions and physical 
properties of glasses with the variation of B2O3 and V2O5. The reproducibility of glass 
S25 was determined before proceeding with further experiments. The sintering 
behavior from heating microscopy, crystallization behavior from DTA, and thermal 
expansion behavior revealed similar results for the first and the second batch, which 
confirmed a good reproducibility. Thermal cycling tests between 800 oC and room 
temperature were also conducted at 2 K/min (see details of the method in chapter 
6.6.3). Glasses S25 and S252 showed the best thermal cycling result; it reached 
more than 14 cycles. 
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Boron reduced not only Tg and TD, but also the α of glasses. Therefore, glasses S251 
to S252 were designed to check the optimal B2O3 content. At 5 wt. % B2O3 (S251), a 
rectangular shape from heating microscope remained until 1000 oC (figure 58), which 
leads to a lack of gas tightness. The lack of liquid phase from B2O3 caused a gradual 
crystallization, which can be seen from a higher densification temperature, a larger 
crystallization peak in figure 59 a, and a linear α of the crystallized glass in 
figure 59 b. 
 
Table 16. Chemical composition and physical properties of glasses S25, S251 to 
S255 
compositions in wt. % oxides S25 S251 S252 S253 S254 S255 
SiO2 27.91 32.55 25.82 25.75 22.02 14.58 
BaO 49.14 47.93 51.75 50.03 49.99 49.91 
CaO 5.66 6.65 5.33 5.20 4.42 2.85 
Al2O3 3.29 3.87 3.10 3.02 2.57 1.66 
ZnO 3.00 3.00 3.00 3.00 3.00 3.00 
PbO 2.00 - - - - - 
B2O3 8.00 5.00 10.00 8.00 8.00 8.00 
V2O5 1.00 1.00 1.00 5.00 10.00 20.00 
physical properties       
Tg in oC 611 642 631 621 600 551 
TD in oC 669 701 688 677 651 606 
α* in 10-6 K-1 10.99 10.55 10.92 10.61 10.55 11.80 
T1 in oC 778 801 755 757 813 842 
T2 in oC 821 - 800 862 863 - 
thermal cycling in cycle over 20 4 over 14 2 0 0 
* = treated samples at 850 oC for 10 h  
 
At higher B2O3 content (S252), the glass was softer, and therefore, had a lower 
densification temperature. However, its stability and α after complete crystallization 
are expected to be lower than in glass S25. The residual glassy phase of a sample 
treated at 850 oC for 10 h was higher than in glass S25. Finally, a content of 8 wt. % 
B2O3 for an optimal sealant glasses in the system of B-C-A-S for a sealing 
temperature of 850 oC was suggested. 
 
 
 
 
Optimization of “glass 31” 96 
 
 
 
 
 
 
 
 
 
 
 
Figure 58. Sintering behavior of glasses S25, S251, and S252 tested by heating 
microscope at 2 K/min to 1100 oC on sand brushed steel substrates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 59. Determination of the influence of B2O3 by a) DTA and b) dilatometer 
 
Glasses S253 to S255 with additional V2O5 were prepared and investigated. For 
glass S254, the sample in the heating microscope remained rectangular at 900 oC. 
Glass S253 showed better sintering but not as good as glass S25 (figure 60).  
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Figure 60.  Sintering behavior of glasses S253, S254, and S255 tested by heating 
microscope at 2 K/min to 1100 oC on sand brushed steel substrates  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61. Influence of V2O5 determined by a) DTA and b) dilatometer from samples 
treated at 850 oC for 10 h 
 
At high V2O5 content, crystalline peaks around 650 oC were detected (figure 61 a). 
Dilatometric results in figure 61 b showed a rapid crystallization of glasses S253 and 
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S254 (linear curve) for the samples treated at 850 oC for 10 h. Some glassy phase 
remained in glass S255. The benefit of high V2O5 is an increase of the α, however, 
none of the glasses with V2O5 showed any gas tightness. So, high content of V2O5 in 
the high baria sealant glasses for SOFC appeared to be not useful. 
 
9.4 Consequences 
 
A further optimization of glass 73 was performed through a fundamental investigation 
of the B-C-A-S system (plus 5 wt. % Al2O3). The glass forming regions of B-C-A-S 
were investigated. 37 glasses from the B-C-A-S system were analyzed. It was found 
that glass compositions located in the area of the three constitutional compounds 
BS2-B2S3-C2BS3 had a good potential for joining. The further adjustment by additional 
oxides (similar to glass 73) yielded even better joining properties. Glass S25 was 
found to be the most suitable sealant for SOFC joining. It had very good sticking 
properties and gas tightness even after multiple thermal cycling (20 cycles, between 
25 and 800 oC, heating rate 2 K/min). Glass S25 did not only show a higher α than 
glass 73, but also a better stability against crystallization as indicated by the residual 
glassy phase after a heat treatment at 800 oC for 24 h. Based on this, additional 
experiments to optimize the contents of B2O3 between 5 and 10 wt. % were also 
performed. 8 wt. % of B2O3 was found to be an optimum for glass S25. A higher 
content of V2O5 up to 20 wt. % increased α, but resulted in very poor wetting at 
850 oC. 
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10. Determination of the long term stability of 
promising glasses 
 
10.1 General remark 
 
Planar SOFCs are designed for operating temperatures of 800 to 900 oC for over 
40,000 h. It is, therefore, necessary to determine the time constancy of the mineral 
phase content, α, sticking, flow behavior, and stability against reactive evaporation in 
H2 + H2O atmospheres. 
 
10.2 Experimental 
 
The stability against reactive evaporation in H2O + H2 atmospheres (flow 4 l/h) was 
checked in a horizontal tube furnace at 800 oC for 1,000-1,600 h with glasses 73 and 
S25. The influence of two factors, i.e., low/high P(H2O) and crystalline/non crystalline 
samples, were examined. For the studies at low and high P(H2O), chip samples of 
glasses were tested in two different atmospheres:  833 mbar N2+93 mbar H2 
+74 mbar H2O and 720 mbar N2+80 mbar H2+200 mbar H2O. Only glass 73 was 
used to study the effect of a partial crystallization. Chip samples from glass and 
partially crystallized glass at 850 oC, 10 h were prepared and tested in a flow of 
N2 (720 mbar) + H2 (80 mbar) + H2O (200 mbar). Calculations of the evaporation loss 
from thermodynamic reactions were compared to the results obtained from 
experiments.  
 
In order to check for time constancy of the thermal expansion, the mineral phase 
content, and the flow behavior, powders (size: < 63 µm) of glasses 73 and S25 were 
pressed into a rectangular form of 5 x 5 x 30 mm3. Three sets of these samples were 
sintered (heating 2 K/min to 850 oC, soaking for 10 h, cooling down to 800 oC by 
2 K/min). Then, the samples were exposed to 800 oC for 24 h, 4, 7, 14, 30, and 60 d. 
Three samples were taken out and cooled down to room temperature at 2 K/min after 
each time interval. One sample per glass quality was used for the α determination by 
dilatometer. Another sample was ground with an agate mill to a grain size < 63 µm 
for mineral phase analysis by XRD. The third one was used to determine the flow 
behavior by beam bending viscometer.  
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10.3 Results and discussion 
 
10.3.1 Stability against reactive evaporation 
 
Table 17 illustrates mass losses of the two glasses. For the tests at low moisture 
content (P(H2O) = 0.074 bar), the evaporation rate after 900 h was lower than 
0.1 µg/(cm2⋅h) for glass 73, which is more stable than glasses 40, 58, and 50GR, as 
can be seen in figure 62 a.  
 
Table 17. Mass loss of glasses 73 and S25 
glass codes results 
time (h) 102 201 413 794 1200 1602 73-partially crystallized 
(P* = 0.074 bar) mass loss** 0.994 0.541 0.132 -0.009 0.020 0.033 
time (h) 114 227 417 820 988 - 73-glass 
(P = 0.2 bar) mass loss 1.494 0.903 0.556 - - - 
time (h) 114 227 417 820 988 - 73-partially crystallized 
(P = 0.2 bar) mass loss 0.218 0.203 0.156 0.129 0.109 - 
time (h) 188 452 692 956 - - S25-glass 
(P = 0.2 bar) mass loss 0.212 0.235 0.272 0.299 - - 
* = P(H2O) in bar     ** = mass loss in µg/(cm2⋅h) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62.  Mass loss rate of investigated glasses at different moisture contents; a)  
74 mbar H2O, and b) 200 mbar H2O, error bar was calculated from 2 
tests. 
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At higher P(H2O), a higher mass loss was detected. Glass S25 showed the lowest 
mass loss in between 0.2 and 0.3 µg/(cm2⋅h) after 700 h (see figure 62 b). B2O3 and 
PbO are known to be less stable under moisture and in reducing atmospheres, 
respectively. Therefore high evaporation losses in the early state are expected as 
actually found by experiment (figure 63). Partially crystallized samples showed a 
higher stability by a factor of 2 when compare to glassy samples. Due to stronger 
bonds within crystals as compared to amorphous materials, glass samples had a 
higher mass loss than crystalline samples. It should be noted that a partially 
crystallized sample had a lower apparent density than a monolithic glass sample, due 
to its porosity stemming from the sintering process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63.  Illustration of a) influence of the partial crystallization of glass 73 on the 
evaporation loss, and b) mass loss of glass 73 at low and high water 
vapor pressure; error bar was calculated from 2 tests. 
 
A comparison of the mass loss between high and low P(H2O) (20 % and 7 %) of glass 
73 shows a significant difference (factor of 4, see figure 63 b). This agrees with 
thermodynamic calculation of the evaporation loss of individual oxides. For example, 
BaO shows a linear function with P(H2O). High P(H2O) causes faster evaporation as can 
be seen from the following equations: 
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  BaOgl + H2O  = Ba(OH)2 ,       (47) 
  PBa(OH)2  = K⋅PH2O⋅aBaO ,      (48) 
 
  PH2O : 0. 07   factor 2.9   0.2  . 
 
The absolute values obtained by the measurements differed from the calculation 
because oxides activities were not taken into account. The calculation gives, 
however, a tendency to predict overall mass losses in glasses (figure 28 in chapter 
6.1.5). For example, borate glass should have less stability than calcia and baria 
glasses. Additions of some transition oxides such as NiO, ZnO and CoO make 
glasses more stable while CuO and PbO decrease the stability. Mass loss of glasses 
containing B2O3, BaO, and CaO increased linearly with PH2O. PbO and CuO in glass 
was reduced to Pb and Cu metal, which have a very high evaporation rate at low 
P(H2O) (high H2) and become more stable at high P(H2O). 
 
10.3.2 Time constancy of the thermal expansion 
 
Figure 64 a shows the constancy of the α of sintered samples (glass 73) at 850 oC for 
10 h and exposed to air at 800 oC up to 60 d. A partially crystallized glass 73 was 
found after a treatment time from 10 to 24 h.  The glassy phase of glass 73, indicated 
by a steep increase of the α, is detected between 600 and 700 oC for a sample 
treated at 10 h, and shifted to 780-850 oC again after  treatment for 24 h. 
 
Complete crystallization is indicated by a linear α curve after sintering for 24 h for 
glass 73 and 7 d for glass S25 (figure 64 b). The α of these samples was 6-9 % lower 
than for the partially crystallized samples and remained constant for longer time at 
α100-800 = 10.9⋅10-6 K-1 (glass 73) and 11.3⋅10-6 K-1 (glass S25) within standard 
deviation of ± 0.2⋅10-6 K-1. When comparing the α of the crystallized glass with steel 
1.4742, a distinct difference of 2.1⋅10-6 K-1 is noticed. Glass S25 was better in terms 
of α and stability against evaporation to be better than glass 73. The α of glass S25 
was found 0.5⋅10-6 K-1 higher than glass 73 and 1.7⋅10-6 K-1 lower than steel 1.4742. 
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Figure 64. Constancy of the α of glasses a) 73 and b) S25 at 800 oC for 10 h, 1, 4, 7, 
14, 28, and 60 d 
 
10.3.3 Time constancy of the mineral phase content 
 
XRD results from figures 65 to 68 confirm the crystallization behavior of glasses 73 
and S25 with the results investigated by dilatometer. For glass 73 only small amounts 
of crystalline phases (BAS2, BS2, and BxSy; x and y probably 2 and 3, or 3 and 5, 
respectively) were discovered with a sample treated for 10 h.  The XRD peak 
intensity of these phases became larger in a sample treated for 24 h, and then, 
remained constant up to an exposure time of 1440 h (60 d). 
 
Glass S25 showed a small amount of crystalline BAS2 and B2S3 after treatment for 10 
to 24 h. B2S3 disappeared and additional phases BS2, B3S5, and B2ZS2 (Ba2ZnSi2O7) 
were detected after heat treatment for 7 d. After that, the X-ray intensity of all phases 
remained constant. 
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Figure 65.  Investigation of crystalline phases by XRD of glass 73 treated at 800 oC, 
for 10 h, 1, 4, 7, 14, 28, and 60 d 
 
A comparison of XRD results of glasses S25 and 73 is shown in figure 67. A higher 
amount of primary crystalline phases (B2S3 and BAS2) in glass S25 was clearly seen 
after treatment for 10 h.  These phases remained constant up to 24 h. At this point, 
glass 73 had a higher XRD intensity, which indicated that glass 73 was already close 
to complete crystallization (no change of XRD intensity after treatment at 7, 14, and 
28 d.) 
 
Further experiments with small additions of 2 wt. % of CuO, NiO, CoO, and V2O5 into 
glass S25 are shown in figure 68. These additives (except V2O5) acted as nucleating 
agents for B2ZS2. This could be seen clearly from glasses containing these additives: 
they showed a B2ZS2 peak after treatment at 850 oC for only 10 h. 
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Figure 66.  Investigation of crystalline phases by XRD of glass S25 treated at 800 oC 
for 10 h, 1, 7, 14, and 30 d 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 67. Comparison of XRD results of samples treated at 800 oC for 10 h, 1 d, and 
7 d between glasses 73 and S25 
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Microstructures of crystalline phases are presented in figures 69 a-d. Samples 
treated for 1, 7 and 14 d had similar crystalline patterns except for the crystal size. 
Their crystalline grains were smaller than glass 73 from in-between two steel plates 
that used to seal in the stack 50 x 50 cm2, operation at 800 oC for 7 d (sample code 
73ST2005). The amount of mineral phases was constant with exposure time, but the 
kind of crystal growth was different. An investigation of sample 73ST2005 by EDX in 
figure 69 d showed radial dendrites of BS2, bars of barium or lead vanadate 
(BaO⋅V2O5 or 2 PbO⋅V2O5), dark bars of C2BS3, and glassy phase. The composition 
of the barium lead vanadate was 47 wt. % BaO, 24 wt. % PbO and 21 wt. % V2O5. 
For the glassy phase, the chemical composition of 47 wt. % BaO, 2 wt. % PbO, 
40 wt. % SiO2, 8 wt. % CaO, and 2 wt. % Al2O3 was determined. The macroscopic 
pictures of sample 73ST2005 in figure 70 show many closed pores in a diameter 
ranging from 20 to 40 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 68. Phase analysis by XRD of glass S25 added with different additives 
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Figure 69. Microstructure of treated glass 73 for; a) 1 d, b) 7 d, c) 14 d at 800 oC, and 
d) 7 d at 800 oC from 50 x 50 cm2 stack; scale bars of figure a = 20 µm, b 
to d = 10 µm. Codes 1, 2, 3, and 4 in the figure refer to radial dendrites of 
BS2, bars of barium or lead vanadate, dark bars of C2BS3, and glassy 
phase, respectively.  
 
Figures 70 b-c shows a comparison of the sealant glass on the upper and lower side. 
Many white spots of PbO were found only at the lower side. As can be seen in the 
Ellingham diagram [61], PbO is easily reduced to Pb metal at high temperatures in 
reducing atmosphere. Due to gravity, PbO moves towards the lower contact layer. 
The chemical composition of the white spots is 36 wt. % PbO, 29 wt. % BaO, 
22 wt. % SiO2, 5 wt. % CaO, 3 wt. % Fe2O3, 2 wt. % Al2O3, and 1 wt. % V2O5. 
 
Crystalline phases of glasses S25 and S25 + 8 wt. % CuO are shown in figure 71. 
Glass S25 was exposed to a flow of N2/H2 (90/10) + H2O (0.2 bar) 60 l/h at 850 oC for 
2 d.  Glass S25 with 8 wt. % CuO was treated at 1050 oC for 1 h in air in a heating 
microscope furnace, and for 7 d at 800 oC in a box furnace. Analytical results from 
EDX show C2BS3 as a dark grains (position 1), B2S3 at position 2, glass matrix at 
position 3, and BAS2 of a dark needles at position 4. Enhancement of crystalline 
B2ZS2 in glass S25 due to CuO was confirmed as white grains at position 5. At 
position 6, a mix of barium-chromium-silicate compounds was found (in wt. % as 
62.75 BaO, 22.62 Cr2O3, 10.31 SiO2, and 4.32 rest). 
b) 
d) 
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c) 
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Figure 70.  Microstructure of the sealant code 73ST2005 from in-between two steel 
plates in a stack operated at 800 oC for 7 d a) porosity of both sides, b) 
upper side, and c) lower side; scale bar in figures a and b = 100 µm, and 
c = 10 µm 
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Figure 71.  Microstructure of the joining interface between steel 1.4742 and a) glass 
S25, b) glass S25 added with 8 wt. % CuO; scale bar in figures a and b = 
10 and 100 µm, respectively. Codes 1, 2, 3, 4, 5, and 6 in the figures 
refer to C2BS3, B2S3, glass matrix, BAS2, B2ZS2, and a mix of barium-
chromium silicate compounds, respectively. 
 
10.3.4 Time constancy of the flow behavior 
 
For the flow behavior, reference glass DGG1 was used to calibrate the experimental 
methods before testing. Figure 72 shows a good match of the certified standard data 
with the results from the beam bending viscometer. The viscosity of glass 73 was 
determined by 3 methods: dilatometer, beam bending viscometer, and rotation 
viscometer. With these three methods, the whole range of viscosity from the rigid 
glass to the flow point was investigated. Polynomial interpolation yields log η = 6 (η in 
dPas) at the joining temperature of 850 oC. Due to partial crystallization during 
joining, the viscosity at 850 oC may change to log η = 7 to 7.5, which allows to make 
a perfect viscous joint as mentioned by [26]. 
 
Thermal cycling ability of the SOFC stacks also depends on the viscous flow of the 
sealant. Therefore, the viscosities of treated pressed-powder samples of glasses 73 
and S25 were determined as shown in figures 73 a-d. The samples showed a rigid 
state until 945 oC for glass 73 and until 900-930 oC for glass S25. Creep only begins 
above 940 oC with samples treated for 1 d. At the exposure time of 28 and 60 d, an 
even higher creep temperature between 970 and 980 oC was found in glass 73 and 
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940-950 oC in glass S25. A comparison of the flow behavior between the glass and 
heat-treated samples is shown in figures 73 b and d. The rigid state of treated 
samples reached approximately 300 K (glass 73) and 225 K (glass S25) higher than 
for the glass. Thus, the seals are expected to be creep resistant during SOFC 
operation conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 72. Sketches of viscosity-temperature relation a) calibration of the beam 
bending viscometer by DGG1 glass, and b) viscosity determination of 
glass 73 by dilatometer, beam bending, and rotation viscometer. 
 
10.4 Consequences 
 
Stability of glasses 73 and S25 against reactive evaporation, and time constancy of 
their mineral phase content, thermal expansion coefficient and viscous flow were 
determined. Both glasses showed a mass loss below 0.5 µg/(cm2⋅h) over 400 h at 
20 % P(H2O), T = 60 oC. Crystalline samples had even lower mass loss than glass 
samples by a factor of 2. The evaporation loss increased linearly with P(H2O). 
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Figure 73.  Illustration of the flow behavior of pressed samples treated at 800 oC for 
time as indicated; a-b) glass 73, and c-d) glass S25 
 
The check for the constancy of mineral phases up to 1440 h (60 d) showed a 
complete crystallization after treatment of pressed-powder samples at 800 oC within 
24 h for glass 73 and 7 d for glass S25. After that, the amount of mineral phases 
remained constant but their grain shape increased with sintering time. Major phases 
of BAS2, BS2 and C2BS3 were detected in glass 73, and BS2, B3S5, and B2ZS2 in 
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glass S25. A linear thermal expansion coefficient after treatment for 24 h for glass 73 
was established, and then remained constant at α100-800 = 10.9⋅10-6 K-1 within a 
standard deviation of ± 0.2⋅10-6 K-1, while glass S25 showed this thermal expansion 
reached a constant value of 11.3⋅10-6 K-1 within 7 d.  A reduction of PbO to Pb metal 
was found at the bottom contact layer of the seal; no detrimental effects were 
connected to this reduction. 
 
As to the constancy of the flow behavior, both heat treated and partially crystallized 
materials maintained their rigid state until 900-940 oC. They start to creep at 940-
950 oC. A reduction of viscous flow by 30 to 50 K in glass S25 was detected when 
compared to glass 73. A viscosity of log η = 6 (η in dPas) was obtained at the joining 
temperature of 850 oC. Due to partial crystallization during joining of the glass powder 
paste, the viscosity at 850 oC shifted to log η = 7-7.5, which represents a perfect 
viscous joint.  
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11. Interface reactions between barium based 
sealant glasses and high chromium steel 
 
11.1 General remark 
 
Since 1996, the Institute of Mineral Engineering (GHI), RWTH-Aachen has persued 
the development of glass or glass ceramic sealants for the planar SOFC concept [79,  
89]. Since then, a number of in-house reports and publications were accomplished 
focusing on baria based glass, namely in the B-C-A-S system [78, 97]. The 
development was supported by constitutional compound calculation. By this 
approach, a specific glass composition, glass 73, was quite successfully realized for 
a small prototype SOFC stack. In order to improve the α match and to optimize the 
joining properties, a wide range of the barium calcium aluminosilicate system was 
investigated within its glass forming regions. The properties of promising glass 
compositions were optimized by minor additions of functional oxides. An improved 
glass, S25, was suggested. It finally turned out that there is an extremely narrow 
scientific basis to purposefully approach the problem of interfacial sticking between 
glass and high chromium steel [26, 50, 71, 98, 99]. Therefore, the aim of this part of 
work was to collect experimental information on the long term stability of glass S25 
and to find a systematic approach to the problem of interfacial sticking between glass 
and high chromium steel. 
 
If we look back to a basic study of enamel technology for conventional iron steel, we 
see that scientists started working on this topic since 1920. The number of 
publications increased dramatically during 1930-1950 and decreased again around 
the 1970s, when the understanding of the mechanisms of an interfacial reaction 
between glass and iron steel was satisfactory (figure 74). For example, the principles 
of mechanical bonding (dendrite and electrolytic), chemical bonding, and the 
thermodynamic influence were understood. For high chromium steel application, very 
little information is available, with none of them related to barium silicate base 
glasses. It is, therefore, necessary to focus on the interaction layer between glass 
and high chromium steel. When comparing sealing glasses for the SOFC to enamels 
for iron steel, one major difference is the scoped application. Enamels need only 
good sticking at room or kitchen stove temperature (maximum 400 oC). For the 
SOFC, the sealant must provide, first, good sticking at high temperature (850 oC), 
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and second, a stability of this good sticking at high operation temperature (800 oC) for 
over 40,000 h. 
 
 
 
 
 
 
 
 
Figure 74.  Illustration of the number of publications on interfacial reactions between 
glass and metal 
 
This means that the glass matrix and the reaction layers have to completely 
crystallize. The new crystalline phases may support the sticking or may destroy the 
bonds between glass and steel. In the case of the present work, long term interfacial 
stability under different exposure times, temperatures, atmospheres, and surface 
conditions of steel were studied. 
 
11.2 Experimental 
 
During the previous work, some findings were difficult to interpret. Sometimes, 
glasses with an almost perfect α match did not survive thermal cycling while others 
with a much less good match performed very well. Likewise, minor compositional 
changes (e.g., 0 vs. 2 wt.% CuO) yielded major changes in the performance. All 
these finding pointed to the direction that interfacial reactions played a most 
important role. In order to investigate this field, the mechanisms of interfacial 
reactions were studied under different sealing parameters such as: the steel surface 
condition, the atmosphere during joining, the substrate type, and the glass 
composition. Beyond this, differently treated samples of two different 1.4742 steel 
surfaces (2 mm thick): sand brushed (SB) or polished (P), heated up to 850 oC at 
2 K/min (no soaking), cooled down to room temperature within 2 h (no cooling rate 
control), were investigated by SEM/EDX. Sticking of fast crystallizing glass (glass 72) 
on both steel surfaces was investigated by heating microscope and SEM/EDX. The 
influence of small additions of NiO, CoO, and CuO on the interfacial reactions 
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between glass and steel were also determined. Wetting of glasses on both sand 
brushed and polished steel surfaces was determine in different atmospheres (N2, H2, 
Ar, and air, dry and wet). Long term sticking stability of glasses on both steel surfaces 
was finally investigated in wet H2/N2 and in ambient air. 
 
11.3 Results and discussion 
 
11.3.1 Characterization of steel surfaces 
 
Figures 75 a-b shows the microstructure of two steel surfaces treated in the way 
described above. No reaction layer was found on the polished surface. The polishing 
surface itself was rather flat. It had a roughness (as seen from SEM images) between 
2 and 3 µm. For the sand brushed surface, a thin oxide layer of 0.5 to 1.0 µm was 
found (position 1). From EDX measurement, it contained Cr, Fe, and Mn. This oxide 
layer was reported to be (Mn,Cr)3O4 and FeO⋅Fe2O3 by Shemet et al. [100], Abellan 
et al. [101], and Uehara et al. [102]. Expressed in fully stoichiometric oxides, the 
composition (wt. %) of the layer was 23 MnO, 33 Cr2O3, 35 Fe2O3. The metal matrix 
showed 16 Cr and 83 Fe (position 2). The sand brushed surface had a roughness 
measured by SEM images as 6 to 12 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 75. Microstructure analysis by SEM/EDX of a) polished (P) steel, and b) sand 
brushed (SB) 1.4742 steel at 850 oC in air, codes no. 1 = oxide layer, 
no. 2 = 16 Cr + 83 Fe; measured scale = 10 µm 
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The Gibbs energy of some oxidation reactions calculated per mol of oxygen at 
800 oC show a sequence of Al>Mn>Cr>Fe (see table 18). 
 
Table 18. Gibbs free energy of reaction calculated for 800 oC  
 
reactions            ∆Go [kJ/mol O2] 
 
2 Al  + O2(g)  = Al2O3            -1,336.0 
2 Mn  + O2(g)  =  2 MnO              -612.8 
4/3 Cr + O2(g)  =  2/3 Cr2O3              -571.7 
2 Fe  + O2(g)  =  2 FeO               -388.4 
2/3 Cr + O2(g)  =  2/3 CrO3              -231.0 
2 FeO + O2(g)  =  Fe2O3 + 1/2 O2             -153.9 
 
11.3.2   Effect of fast crystallizing glass on steel 1.4742 
 
Small pellets of glass 72 with known high crystallization velocity were applied on both 
SB and P surfaces, heated up in air at 10 K/min to 500 oC and at 2 K/min to 1050 oC, 
(no soaking), and cooled down to room temperature at 2 K/min. The microstructure of 
the contact zone between glass and steel surface showed a small gap between both 
surfaces (figures 76 a-b). And indeed, this glass had very poor sticking with steel. A 
thin layer of glass stuck with the steel surface. This may be interpreted by a strong 
shrinkage of the sample during sintering (see figures 76 c-d). 
 
From figures 76 a-b, a white crystalline phase in the contact layer was observed. 
Investigation by EDX showed (by wt. %) 21.9 Cr + 60.9 Ba, corresponding to 
32 Cr2O3 + 68 BaO. The BaO to Cr2O3 ratio was 2:1 on a molar basis, which 
indicated the formation of BaCrO3 or BaCrO4 like in the following equations: 
 
2BaO  + Cr2O3  + 1/2O2  =  2BaCrO3 ,   (49)  
2BaO  + Cr2O3 + 3/2O2  =  2BaCrO4 .   (50) 
 
The formation of this crystalline phase was found only in the case of fast crystallizing 
glasses in contact with steel at temperatures between 800 and 900 oC. This is 
because at low temperature, a thin film of chromium oxide layer occurs on the steel 
surface, and when the glass melts, the viscosity of the glass is still too high so that 
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chromium ions cannot diffuse deeply into the glass matrix. Furthermore, if the glass 
crystallizes fast, barium rich glass reacts directly with the chromium oxide layer to 
form chromite or chromate compounds. These compounds were found to be the 
cause of a weak interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 76.  Microstructure of fast crystallization glass 72 on a) sand brushed, and b) 
polished 1.4742 steel at 1050 oC, c-d) interpretation of the effect of strong 
shrinkage of the sample during sintering; measured scale = 10 µm  
 
11.3.3   Thermodynamic approach to interfacial reactions 
 
When glass is brought into contact with high chromium steel at high temperatures, a 
thin interfacial layer is formed depending on the glass composition, atmosphere, and 
surface condition of the steel. This reaction layer has a significant effect on the 
bonding strength [26, 53]. 
Ba:Cr = 2:1 
BaCrO3, BaCrO4 
a) b) 
c) d) 
room temperature sealing temperature 
Interface reactions between barium based sealant glasses and high chromium steel 118 
The Gibbs energy difference of a reaction presents the overall chemical diving force. 
Thus, by a comparison of Gibbs energies, the propbability of the relative occurrence 
of different reactions can be judged. Lower (more negative) ∆Go means a higher 
reaction possibility. Table 19 illustrates the reaction between minor glass oxides and 
steel 1.4742 in the order of ∆Go from low to high. It can be seen e.g., that 2 mol Cr 
from steel reacts with  
 
Table 19. Possible reactions between high chromium steel and glass at 800 oC 
 
reactions              ∆Go [kJ/mol oxide products] 
 
2 Al + 3 CuO  = Al2O3 + 3 Cu            -1155.8 
2 Al + 3 PbO  = Al2O3 + 3 Pb            -1000.1 
2 Al + 3 NiO   = Al2O3 + 3 Ni              -907.3 
2 Al + 3 CoO  = Al2O3 + 3 Co              -860.8 
2 Al + 3/5 V2O5  = Al2O3 + 6/5 V              -674.7 
2 Al + 3 ZnO  = Al2O3 + 3 Zn              -615.6 
2 Al + 3 BaO  = Al2O3 + 3 Ba               +15.4 
 
2 Cr + 3 CuO  = Cr2O3 + 3 Cu               -677.1 
2 Cr + 3 PbO  = Cr2O3 + 3 Pb               -521.5 
2 Cr + 3 NiO   = Cr2O3 + 3 Ni               -428.6 
2 Cr + 3 CoO = Cr2O3 + 3 Co               -382.2 
2 Cr + 3/5 V2O5  = Cr2O3 + 6/5 V               -196.0 
2Cr + 3 ZnO  = Cr2O3 + 3 Zn               -136.9 
2 Cr + 3 BaO  = Cr2O3 + 3 Ba               +494.1 
 
Fe + CuO   = FeO + Cu                -134.1 
Fe + PbO  = FeO + Pb                  -82.2 
Fe + NiO    = FeO + Ni                  -51.3 
Fe + CoO  = FeO + Co                  -35.8 
Fe + 1/5 V2O5  = FeO + 2/5 V                +26.3 
Fe + ZnO  = FeO + Zn                 +46.0 
Fe + BaO  = FeO + Ba               +256.3 
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3 mol CuO to form 1 mol Cr2O3 and 3 mol Cu metal. This reaction has a higher 
possibility than the rest below. Lead and nickel oxides should have a similar effect as 
CuO. They are easily reduced to Pb and Ni metal by chromium. CoO, V2O5, and ZnO 
could also be reduced to Co, V, and Zn metal drops, if the reactions occurred under 
strong enough reducing conditions. As long as Cr atoms are still available at the steel 
surface, none of the minor glass oxides like PbO, CuO, CoO, and NiO are reduced to 
metal atoms by the iron (Fe) atoms. As to BaO, it does not react with the metals by 
redox reactions because of its too high ∆Go. BaO is rather expected to get engaged 
in acid-base reactions like eq. (49-50) on page 116. Under oxidizing conditions, Al, 
Cr, and Fe atoms are easily oxidized to Al2O3, Cr2O3, and FeO-Fe2O3. Alumina 
shows the lowest value which means that it is oxidized most easily. 
 
In order to prove this approach, additions of NiO, CoO, and CuO at 2, 4, and 8 wt. % 
in glass S25 were tested. Figure 77 shows the interfacial reaction between glass 
(above) and steel (below) determined by SEM. Samples were heated at 2 K/min to 
1100 oC and cooled down to room temperature within 2 h in a horizontal heating 
microscope furnace in air. It is clearly seen that a reduction of CuO, PbO, and NiO to 
Cu, Pb and Ni metal drops near the steel surface takes place (characterized by 
EDX). These metal drops were found only at a small content of additional oxides 
(2 wt. %). At higher contents, a different non-reduction process was seen as 
recognized by darker needle lines near the steel surface. These lines were checked 
by EDX as Al ions, which supports the result by Malkow [103] and Horita et al. [104] 
finding Al2O3. Steel 1.4742 contains 0.94 wt. % Al. By ∆Go in table 18, Al can oxidize 
much faster than Cr. Therefore, Al2O3 was precipitated in the steel near interface, 
effectively joining steel and glass together.  
 
For NiO, metal drops were not detected at high NiO content. Rather, NiO remained in 
the glass. If the treatment was longer, all NiO reduced to Ni. Additions of CoO in 
glass S25 did not show any metal drop indicating absence of a reduction process of 
CoO to Co because of its high ∆Go (see table 18). Dark areas in the glass close to 
the steel surface were detected by EDX as Cr ions, which was believed to be Cr2O3 
in the glass. Chromium oxide stayed close to the steel in samples c-e and f-g while in 
samples h, a, and b, it diffused into the glass. Few numbers of crystalline grains 
B2ZS2 were detected in sample h, which indicates a fast crystallization, and therefore, 
resulted in a bad sticking to the steel. By contrast, with additions of CuO in the glass, 
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no Cr2O3 layer at the interfacial zone was detected. This is probably due to a drop of 
the viscosity  level log η = 6 by 80 K (40 K for NiO and 35 K for CoO) [105, 106] 
supporting the diffusion of Cr2O3 deeply into the glass matrix. CuO thus enhances 
chromium diffusion, and results in a minimization of BaCrO3 or BaCrO4 formation at 
the interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77.  Microstructure of glass S25 with a-b) CuO, c-e) NiO, and f-h) CoO. The 
samples were prepared at 1100 oC in air, measured scale = 10 µm. 
 
11.3.4   Influence of atmospheres on the reaction between glass and steel 
 
The samples illustrated in figure 78 a were treated as described in 11.3.3 but with a 
controlled cooling rate at 2 K/min to room temperature. In these tests, atmospheres 
showed a strong effect on the reaction between glass and sand brushed steel 
1.4742, especially, at high temperature (1100 oC). At lower temperature (800 to 
900 oC), the same reactions are expected to occur, however, at a lower turnover rate. 
Reduction of PbO to Pb increases dramatically with a change of atmosphere and flow 
rate, as can be seen in figures 78 a-d. The size of Pb metal drops increased in 
f) 2 wt. %  g) 4 wt. % h) 8 wt. % 
a) 2 wt. % S25 b) 8 wt. %  
c) 2 wt. % d) 4 wt. %  e) 8 wt. % 
glass 
steel 1.4742 
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figures 78 b-c. All these drops were located at a Cr2O3 layer (figure 78 c). The layer 
behaved as a separator between drops and steel. The thickness of the reaction layer 
was relatively constant in a flow of N2 at 4 l/h, when compared to the tests in air. A 
minor increase of the reaction layer from 10 to 20 µm was observed when the 
atmosphere was changed from air to N2+H2O (0.8 : 0.2 bar) at 4 l/h (figure 78 c). 
When N2 was increased to 60 l/h, the reaction layer thickness increased dramatically 
to 40 µm with an excellent mechanical interlocking (figure 78 d). A glass melt 
completely covering the sand brushed substrate (50 mg glass drop on one square 
centimeter surface area) was observed. By contrast, only some parts of the steel 
were covered by glass melt, with samples treated in air or in a flow of N2 or N2+H2O. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 78. Interfacial reactions of glass S25 tested at 1100 oC in a) air, b) flow  
N2 4 l/h, c) flow N2+H2O (0.8:0.2 bar) 4 l/h, and d) flow N2 60 l/h; 
measured scale = 10 µm 
 
Analytical results of the reaction zone of the sample in figure 78 d by EDX and X-ray 
mapping are shown in figures 79 to 82. Chemical analysis in the glass part is given in 
oxide wt. % while in steel it is presented in element wt. %. Pb formed a solid solution 
with Fe. The content of Cr in between the interlocking zone dropped from 17 to 
6 wt. %. Barium and silicon diffused deeply through the interlocking cavities. High 
amounts of Al2O3, Fe2O3, BaO, and SiO2 were detected. The cavity is believed to be 
originally a precipitated zone of Al2O3 [103, 104], that later strongly reacts with the 
glass melt. Chromium oxide was detected at 80 µm depth in the glass matrix. A plot 
a) b) 
c) d) glass 
glass 
glass glass 
steel 
steel 
steel steel 
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of a chemical distribution profile in oxide wt. % is given in figure 80. A high 
concentration of Al2O3, BaO, SiO2, and Fe2O3 were detected between the interlocking 
zone; Al2O3 strongly decreased in the bulk glass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 79.  Analytical results of the reaction zone between glass S25 and sand 
brushed 1.4742 steel in a flow of N2 (60 l/h) at 1100 oC; oxides or 
elements presented in wt. % 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 80. Chemical distribution profile in the sample in figure 79 determined by EDX  
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Figure 81. X-ray mapping of the interface between glass S25 and sand brushed steel 
1.4742, treated under a flow N2 60 l/h at 1100 oC 
 
In contrast, the treatment of glass S25 with polished steel 1.4742 at 1100 oC in air 
showed a very thin reaction layer as can be seen in figure 82. Two oxide layers were 
observed on the steel surface (Al below and Cr above) 
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Figure 82. X-ray mapping of the interface between glass S25 and polished steel 
1.4742, treated in air at 1100 oC 
 
11.3.5   Influence of atmospheres on the wetting between glass and steel  
 
When glasses are brought into contact with substrates at high temperatures, two 
models of wetting must be considered, i.e., a model with and without interfacial 
reaction layers, as shown in figure 83. In the case that glass reacts with the 
substrate, the contact angle does not only depend on γ(glass) and γ(substrate), but also on 
γ(reaction phases). The contact angle (θ) for the two cases is calculated as follows: 
 
 
 
 
Cr 
Al 
steel 
glass 
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without interfacial reaction: 
( )
( )LV
SLSV
γ
γγθ −= −11 cos  ,    (51) 
with interfacial reaction: 
( )
( )LV
SRRLSV
γ
γγγθ −−= −12 cos   ,   (52) 
 
where SRRLLVSLSV γγγγγ ,,,, ,  are the interfacial energies solid/gas, solid/liquid, 
liquid/gas, reaction interfacial layer/liquid, and solid/reaction interfacial layer, 
respectively. To study this phenomenon, glass S25 was heated up at 10 K/min to 
500 oC, and at 2 K/min to 1050 oC for 1 h, then slowly cooled down to room 
temperature at 2 K/min. The behavior of the glass on the metal substrate was 
recorded by a VDO recorder. The contact angle was later measured directly from the 
VDO pictures. Two steel surfaces (1.4742), sand brushed and polished, were used 
as substrates. Different atmospheres, air, N2, Ar, H2, and H2O were studied. Pt 
substrate was also used for comparison. In some cases, an oxide film on the steel 
surfaces was formed before testing. 
 
Figure 84 shows a plot of the contact angle θ of glass S25 on different substrates in 
air as a function of temperature. Polished surfaces showed the best wetting (lowest 
contact angle). No oxide layer was found any more at the pre-oxidized polished 
surface. Therefore, no effect on the contact angle was detected. Contact angles were 
detected from high to low in the tests with pre-oxidized sand brushed, sand brushed, 
and polished surfaces, respectively. The highest values were found for pre-oxidized 
samples. Pt substrates showed a strong decrease of  θ at 970 oC from 70o to a 
constant value of 40o. 
 
From these experiments, it is clearly seen that the wetting of glass on steel depends 
on interfacial reactions and on the initial surface condition of the substrates. Both the 
formation of a reaction layer and a smooth initial surface promoted wetting, while 
initial oxide films retarded it. The retardation effect does, however, not mean bad 
sticking. It can be either good or bad depending on the type of interfacial reaction 
(see 11.3.6-11.3.9). 
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Figure 83. Contact angle between glass and steel a) without interfacial reaction, and 
b) with interfacial reaction, re-designed from [53] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 84.  Contact angle of glass S25 on polished (P) and sand brushed (SB) 
1.4742 steel, and on platinum (Pt) in air 
 
When a sand brushed steel surface is brought into contact with a glass in a flow of N2 
at 4 l/h, the contact angle decreased dramatically (figure 85 a). At high flow rates 
(60 l/h), the best wetting was obtained. A similar behavior was observed in a tests 
with a flow of N2 + H2O (0.8:0.2 bar) at both 4 and 60 l/h and in tests with a flow of Ar 
at 60 l/h. In figure 85 b, significant differences of the contact angle between tests in 
air and in Ar at 850 to 950 oC were observed. It indicated a better reaction between 
steel and glass in a reducing atmosphere than in air.  
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A good contact of glass to steel is shown in figure 86. Physical interlocking was found 
for both samples tested in N2 and in Ar. All glasses and partially crystallized glasses 
stuck well to the steel. No cooling cracks were found. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 85.  Contact angle of glass S25 on sand brushed 1.4742 steel a) in wet and 
dry atmospheres, and b) in air, Ar, and N2 at a flow of 60 l/h 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 86.  Microstructure of treated samples at 1050 oC for 1 h in a flow of gases 
60 l/h; a-b) continued exposure at 800 oC for 7 d, and c-d) untreated 
samples, scale bar = 10 µm 
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For polished surfaces, the atmosphere had a less strong effect on the contact angle 
(figure 87 a) when compared to sand brushed surfaces (figure 85 a). It can be seen, 
however, that the tests in a flow of N2 60 l/h and N2+H2O 4 l/h yielded the lowest 
contact angle (the same phenomenon as with sand brushed surfaces). Figure 87 b 
shows measurements of the contact angle in a flow of 60 l/h N2. Two decreasing 
steps of the contact angle were noticed, one at 825-900 oC, and another one at 960-
1000 oC. No significant effect from the different pre-treatment of the steel surfaces 
was found. During 900 to 960 oC, the contact angle remained constant because of 
crystal formation (detected by XRD in chapter 10) After all crystalline phases re-
dissolved in the glass melt again, the viscosity of glass became very low and caused 
a second drop of the contact angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 87.  Contact angle of glass S25 on steel 1.4742 a) polished surface tested in 
wet and dry atmospheres, and b) different surface conditions tested in N2 
at 60 l/h 
 
A comparison of the tests in wet and dry air at 60 l/h is plotted in figure 88 a. All 
samples also showed two decreasing steps except for the sample tested on the 
polished surface. When comparing these results to the test in N2 60 l/h (figure 87 b, 
much higher contact angles were found here. The test in wet air (air + 0.2 bar H2O) 
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was especially interesting. It showed a slight decrease of θ at 850 oC with θ 
remaining constant at a very high value of 107o. At 975 oC, θ was suddenly 
decreased to 40o within 10 K. This effect was also found in the tests with SB pre-
oxidized surfaces in a flow of N2+H2O (0.8:0.2 bar) at 60 l/h (figure 88 b). 
 
The results may be interpreted by the oxidation kinetics as a function of P(O2) and      
P(H2O). It is expected that a high P(O2) promotes the quick formation of a thin and very 
dense oxide layer which inhibits further layer growth while at low P(O2), the layer is not 
completely oxidized and may grow in an unhindered way.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 88. Contact angle of glass S25 on steel 1.4742 tested in a) wet (0.2 bar H2O) 
and dry air at 60 l/h, and b) a flow of N2+H2O (0.8:0.2 bar) at 60 l/h 
a) b) 
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11.3.6 Long term sticking stability of glasses on sand brushed 1.4742 steel in  
H2+H2O atmosphere 
 
Approximately 50 mg of glass powder (size: < 63 µm) was hand-pressed into a 
cylindrical shape of a diameter of 2 mm, 3 to 4 mm high. The samples were dried 
before they were put on a clean steel substrate (1 cm2). Table 20 shows the results 
of glasses sticking to the steel.  
 
Table 20. Sticking tests in a flow of N2/H2 (90/10) + H2O (0.2 bar), 60 l/h 
glass codes 850 oC, 10 h → 800 oC, 2 d 
1) 40 ? ? = sticking 
2) 58 ? ? = failure 
3) 73 ?  
4) S25 ?  
5) S26 (glass 4 without ZnO) ?  
6) S258 (glass 4 + 2 wt. % NiO) ?  
7) S2511 (glass 4 + 2 wt. % CoO) ?  
8) S2514 (glass 4 + 2 wt. % CuO) ?  
 
The tests were performed in a horizontal tube furnace: heating up at 2 K/min to 
850 oC, soaking for 10 h, cooling at 2 K/min to 800 oC,  soaking for 2 d, and cooling 
down to room temperature at 2 K/min in N2/H2 (90/10)+H2O (0.2 bar) 60 l/h. Only 
glasses 40, 58, S25, S2511, and S2514 showed good sticking to the steel. Glasses 
S26 and S258 did not stick to the steel due to their fast crystallization. Glass 73 stuck 
well to the steel in the beginning, but cooling cracks occurred after cooling down to 
room temperature (figure 89 c). The microstructure of the samples is shown in figure 
89. Micro cracks were detected reaching deep into the glass matrix with glasses 40 
and 58, but not with glasses S25, S2511, and S2514. This may be due to the better α 
match of the latter ones. 
 
11.3.7 Long term sticking stability of glasses on sand brushed 1.4742 steel in  
air 
 
In further tests, the long term sticking stability of glasses on sand brushed 1.4742 
steel in air was investigated. The experiments were performed in ambient air in a box 
furnace. The sticking of glass was compared for three cases, i.e., after sintering at 
850 oC for 10 h, after heat treatment at 800 oC for 7 d, and after 10 thermal cycles 
between 800 oC and room temperature.  
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Figure 89.  Microstructure of the interfaces between glass and steel a) 40, b) 58, c) 
73, d) S25, e) S2511, and f) S2514 tested in a flow of N2/H2 (90/10)+H2O 
(0.2 bar) at 60 l/h by 850 oC for 10 h and exposed at 800 oC for 2 d; 
measured scale bar = 100 µm 
 
The results are shown in table 21. Glasses 73, 83, S25, and S257 stuck well in all 
three cases. Glasses 40 and 58 did not stick with steel. In fact, these glasses had 
been designed for joining temperatures above 900 oC. Glass S26 (like S25, however 
without ZnO) crystallized too fast and therefore, did not stick. 
 
Table 21. Sticking tests of glasses on sand brushed 1.4742 steel in air 
glass codes 850 oC, 10 h 800 oC, 7 d 10 cycles 
1) 40 ? - - 
2) 58 ? - - 
3) 73 ? ? ? 
5) S25 ? ? ? 
6) S26 ? - - 
7) S252 ? ? ? 
9) S258 ? ? - 
10) S2511 ? ? - 
11) S2514 ? - - 
sintered program: 2 K/min→850 oC, 10 h→2 K/min→800 oC, 7 d→10 thermal  
cycling (2 K/min→800 oC, 2 h→2 K/min→Troom)   ? = sticking, ? = failure 
a) b) c) 
d) e) f) 
steel 
steel steel 
steel steel steel 
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11.3.8  Long term sticking stability test of glasses on sand brushed 1.4742 
steel in air with a variation of joining temperatures 
 
In this test, four promising glasses were tested in ambient air in a box furnace on a 
sand brushed (SB) steel surface with a variation of temperature (850, 900, 950, and 
1000 oC). Sticking was tested for three cases of treatment mentioned before. Table 
22 illustrates the results. Glasses 73 and S25 stuck well with the steel for all 
temperatures (850 to 1000 oC). After exposure at 800 oC for 7 d, the sticking of both 
glasses was still good, except for two individual samples. 
 
Table 22. Sticking tests in air at a varied joining temperature* 
glass codes 850 900 950 1000 
40 ? ? ? ? 
58 ? ? ? ? 
73 ? ? ? ? 
S25 ? ? ? ? 
800 oC, 7 d 10 cycles glass codes 850 900 950 1000 850 900 950 1000 
40 - - ? ? - - ? ? 
58 - - - ? - - - ? 
73 ? ? ? ? ? ? - ? (5)** 
S25 ? ? ? ? ? ? - ? 
* = test with sand brushed steel no. 1.4742 ** = failed at cycle number 5  
? = sticking, ? = failure 
 
The sticking tests of all glasses in table 22 were repeated three times at 950 oC. 
None of glasses 73 and S25 stuck with steel. After 10 cycles, only one sample 73 
exposed to 1000 oC failed after five cycles.  
 
It is emphasized that long term sticking is not good when the steel forms a too thick 
and dense oxide layer and glass viscosity is not low enough (as can be seen at 
950 oC for glasses 73 and S25). If an oxide layer reacts and dissolves fast in the 
glass bulk, then a strong bond between glass and steel is formed. For example, at 
1000 oC a thick oxide layer was formed. Nevertheless, the viscosity of glass was low 
enough, so that, the layer was dissolved. At 850 to 900 oC, the viscosity was high, 
but the oxide layer was thin. So, in both cases, sticking was good. Only at 950 oC 
there was a coincidence of an already too thick oxide layer but the glass was still too 
high viscosity. 
 
←T of joining 
in oC 
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The microstructure of a thin oxide layer at 850 oC is shown in figure 90 a. A thicker 
oxide layer was formed in the sample joined at 950 oC and exposed to 800 oC for 7 d 
(figure 90 b). When compared to polished steel treated at 900 oC for 10 h and 
exposed at 800 oC for 7 d, no oxide film was found at all (figure 90 c). The highest 
thickness of an oxide layer was found with sand brushed steel surface exposed to a 
flow of N2/H2 (90/10) + H2O (0.2 bar) 60 l/h at 850 oC for 10 h and 800 oC for 2 d 
(figure 90 d). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 90.  Formation of an oxide layer on sand brushed (SB) and polished (P) 
1.4742 steel at a) 850 oC for 2 h in air, b) 950 oC for 10 h, then exposed 
to 800 oC for 7 d in air, c) 900 oC for 10 h, then exposed to 800 oC for 7 d 
in air, and d) 850 oC for 10 h, then exposed to 800 oC for 2 d in a flow of 
N2/H2 (90/10) + H2O (0.2 bar) at 60 l/h, scale bar = 10 µm 
 
11.3.9 Long term sticking stability of glasses on polished 1.4742 steel in air  
with a variation of joining temperatures 
 
A similar test as described in section 11.3.8 was performed with polished steel. All 
glasses stuck well with the steel for the whole temperature range. However, only few 
of them remained sticking with steel after exposure to 800 oC for 7 d. This is because 
only a very thin interface is formed as can be seen in figures 91 a-f. We may 
conclude that, in addition to the finding in 11.3.8, oxide layers do require a certain 
thickness to ensure good joining. The poor sticking of glass on polished steel (less 
oxide layer formation) in comparison to sand brushed steel is clearly seen from the 
c) 
a) b) 
d) 
SB SB 
SB P 
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results in table 22 and 23. On the one hand, the oxide layer supports a strong 
bonding. On the other hand, it can also cause a weak join, when chromite or 
chromate compounds are formed. In our cases, these compounds occur only if Cr2O3 
remains near the steel surface and gets into contact with barium oxide. In specific, 
fast crystallization prevents the Cr2O3 from being dissolved in to glass matrix. 
 
Table 23. Sticking tests of glasses on polished 1.4742 steel  
glass codes 850 950 1000 
40 ? ? ? 
58 ? ? ? 
73 ? ? ? 
S25 ? ? ? 
800 oC, 7 d 10 cycles glass codes 850 950 1000 850 950 1000 
40 ? ? ? ? - - 
58 ? ? ? - ? - 
73 ? ? ? ? - ? 
S25 ? ? ? - - ? 
? = sticking, ? = failure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 91. Thin interfacial reaction layers between polished 1.4742 steel in air and 
glasses a) 40 at 850 oC, b) 72 (fast crystallization) at 850 oC, c) 73 at 
1050 oC, d) 73 at 1100 oC with 10 cycles between 800 oC to room 
temperature, e) S25 at 1050 oC, and f) S25 at 1100 oC in a flow of N2 4 l/h, 
scale bar = 100 µm 
a) b) c) 
d) e) f) 
steel steel steel 
steel steel steel 
←T of joining 
in oC 
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When comparing the formation of interfacial layers in the tests with polished surfaces 
to the tests with sand brushed steel, a thicker reaction layer was formed in the latter 
case. Very strong bonding surviving up to 10 cycles was achieved in this case. 
Figures 92 a-d illustrates the microstructure of the interfaces between glasses and 
steel. All samples stuck well with steel. These samples were re-heated after joining to 
850 oC for 10 h, exposed to 800 oC for 7 d in air, and cycled between room 
temperature and 800 oC (10 cycles). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 92.  Thick interfacial reaction layers on sand brushed 1.4742 steel in air of 
glasses: a) 40 at 1200 oC, b) S2514 (glass S25+2 wt. % CuO) at 
1050 oC, c) S2510 (glass S25+8 wt.% NiO) at 1050 oC, and d) S25 at 
1050 oC, scale bar = 100 µm 
 
11.3.10 Interfacial reaction models 
 
It is known from chapter 8 that suitable sealant glasses for SOFC should have (1) 
good thermal expansion coefficient α matching with joining partners, (2) low viscosity 
η, (3) low surface tension σ, and (4)  slow crystallization. Based on our finding in the 
above section, we have to add one more requirement. This is the formation of strong 
bonds between the glass and the steel by interfacial reactions. The formation of 
a) b) 
c) d) 
steel steel 
steel steel 
Interface reactions between barium base sealant glasses and high chromium steel  136
bonds is sketched in the following text by a model comprising three cases, i. e., the 
cases of excellent, moderate, and poor adhesion. 
 
a) Case of excellent adhesion 
 
An excellent adhesion of interlocking glass and steel is achieved, if the glass melt 
(low η, low σ, and slow crystallization) reacts with a thin, porous oxide layer, which 
forms on the steel surface. In this case, glass can diffuse easily through the oxide 
layer and react directly with the steel and, also, with precipitated alumina grains near 
the steel surface (see figures 93 a-b). After crystallization, a strong interlocking 
between the glass and the steel is reached (see figures 93 c-d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 93.  Sketch of the case of excellent adhesion a) glass melting, b) soaking, c) 
crystallizing, and d) example of the interlocking between glass S25 and 
steel 1.4742, treated under a flow of N2 60 l/h at 1100 oC 
 
b) Case of moderate adhesion 
 
If the same type of glass quality as in section 11.3.10 a is applied to a thick, dense 
oxide layer, the glass is not able to react with the steel in the first place. The 
dissolution of the oxide layer is slow; meanwhile the glass at arts to crystallize, 
steel Al2O3 
slow 
crystallization 
glass melt: 
low η, σ 
thin/porous oxide layer 
steel 
steel 
c) d) 
b) a) 
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thereby increasing the viscosity of the partially crystallized bulk. Thus, when the steel 
surface is accessed, the alumina grains can no longer be dissolved in an effective 
way. Figures 94 a-d illustrate this mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 94.  Sketch of the case of moderate adhesion a) glass melting, b) soaking, 
c) crystallizing, and d) example of the thick interaction layer between 
glass S25 and steel 1.4742 treated in air at 1100 oC. 
 
c) Case of poor adhesion 
 
The reactions between glass (high η, high σ, and fast crystallization) and steel with a 
thick, dense oxide layers causes a poor adhesion. In this case, glass is again not 
able to react directly with the steel (figure 95). It only reacts with the oxide layer. 
Since this oxide layer is very thick, its dissolved ions do not diffuse into the glass 
matrix but rather accumulate at the surface. Thus, compound formation in the 
interface is favored, like the formation of Ba chromates. The result is a very weak 
bond. 
 
 
glass melt: 
low η, σ 
thick/dense oxide layer 
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Figure 95.  Sketch of the case of poor adhesion a) glass melting, b) crystallizing, c) 
cracking at the interfacial layer, and d) example of non-sticking of glass 
72 with steel 1.4742 treated in air at 850 oC 
 
11.4 Consequences 
 
The aim of this research was to collect experimental information on the long-term 
stability of glass S25 and to find a systematic approach to the problem of interfacial 
sticking between glass and high chromium steel.  
 
The roughness of steel surfaces measured from SEM images was 2 to 3 µm for 
polished (P) surfaces, and 6 to 12 µm for sand brushed (SB) surfaces. A thin oxide 
layer of (Mn,Cr)3O4 and Fe2O3 was found only on SB surfaces. 
 
The formation of BaCrO3 or BaCrO4 at the interface was found to be a major cause of 
a weak joining. These compounds formed only when fast crystallizing glass got into 
contact with a steel surface at temperatures between 800 and 900 oC. Glasses 73 
and S25, having slow crystallization velocity, did not show the effect of chromate 
formation. 
fast 
crystallization steel 
steel 
steel 
thick/dense oxide layer 
glass melt: 
high η, σ 
Al2O3 
a) b) 
d) c) 
remaining of non-melted glass grain 
cracking 
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Additions of PbO, CuO, NiO and CoO to glass S25 were found to influence the 
viscosity, crystallization velocity, and interfacial reaction mechanisms, which can be 
explained by redox reactions. In oxidizing conditions, Al, Cr, and Fe atoms are easily 
oxidized to form Al2O3, Cr2O3, and FeO⋅Fe2O3.  
 
Atmospheres showed a strong effect on the reaction between glass and steel by 
influencing the reaction layer thickness. Thick layers were formed in a strongly 
reducing atmosphere. An excellent mechanical interlocking of glass with steel was 
observed in the tests under a flow of N2 60 l/h at 1100 oC. 
 
The wetting of glass on steel also depends on interfacial reactions and on the surface 
pre-conditions of the substrates. Both thin reaction layers and smooth surfaces 
promoted wetting while oxide films caused a retardation of interfacial reactions. 
Retardation did not directly mean bad sticking. It could be either good or bad 
depending on the type of interfacial reaction. If the steel formed a too thick and dense 
oxide layer at a moderate viscosity of glass (around 950 oC for glasses 73 and S25), 
the long term sticking stability was bad. When the oxide layer dissolved fast in the 
glass bulk, the formation of strong bonds was observed. 
 
The commercial polished steel 1.4742 had already a thin Cr2O3 film on its surface. 
This film is meant to protect the steel surface against oxidizing and reducing 
atmospheres. It is very stable and causes poor sticking to its thin interaction layer. 
Thus, the use of sand brushed steel surface together with an appropriate viscosity of 
the sealant glass is recommended. 
 
Three cases for the mechanism of the interfacial reactions were suggested to explain 
good, moderate, and poor adhesion. Important factors to be considered are glass 
properties (thermal expansion coefficient, viscosity, surface tension, and 
crystallization velocity) and the oxide formation on the steel surface. The worst case 
scenario, which subsequently caused a poor adhesion, is the reaction between a 
close, dense oxide layer with a fast crystallization glass at a high viscosity. 
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12. Summary 
 
The aim of this research work is the development of sealant glasses for the planar 
SOFC with a high thermal expansion coefficient α (11-12⋅10-6 K-1) compatible with a 
commercial steel, high electrical resistivity (> 2 kΩ/cm2), good thermochemical 
compatibility and stability with the fuel cell materials, good adhesion, and good gas 
tightness at the operation temperature of 800 to 900 oC for at least 40,000 h. In view 
of these conditions, crystallizing sealant glasses were chosen. 
 
Glass compositions were optimized to a lesser extent on the basis of trial and error, 
by a compositional variation among three hitherto successful products, under 
exploitation of predictive oxide increment systems for individual glass properties, and 
on a thorough thermodynamic and phase-theoretical basis. For the later approach, 
the method of constitutional compound calculation (CCC) was installed as a 
computation facility and applied to optimize the thermal expansion coefficient and 
glass transition temperature of the materials (chapter 5). A further optimization was 
achieved on the basis of redox thermodynamics, and of experience with glass-to-
metal reactions compiled in literature.  
 
The co-existing compounds from 10 ternary and 6 quaternary oxide systems (C-A-B, 
C-B-S, B-A-S, M-A-S, C-A-S, C-M-S, M-B-S, C-Z-S, M-Z-S, A-Z-S, M-Z-A-S, C-Z-A-
S, C-M-A-S, C-B-A-S, C-M-B-S, and M-B-A-S) were elaborated. 
 
In order to obtain materials with a high electrical resistivity and a low evaporation loss 
under H2/H2O atmospheres, only compositions without alkali and P2O5 were 
considered. B2O3 and PbO content was kept as low as possible because of the latter 
reason. Small additions of V2O5 were applied as a surfactant. 
 
The development started with a compositional variation between three successful 
glasses: C-M-A-S from ISC Würzburg, B-S from Doersing, and B-C-S from 
Heilemann (chapter 7). Crystallization behavior, crystalline phase content, thermal 
expansion α, joining behavior, constitutional compounds, and long term evaporation 
stability were investigated. 
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The results showed a limitation of the α to < 11⋅10-6 K-1 of partially crystallized M-C-A-
S glasses. Among glasses from the system B-C-A-S, “glass 31” was developed as a 
suitable sealant for 900 oC. Its stability against evaporation in H2 and H2O 
atmospheres showed a low mass loss of 0.05 µg/(cm2⋅h) compared with a high mass 
loss over 3 µg/(cm2⋅h) of a C-M-A-S (24 wt. % B2O3) glass. However, unfortunately, 
the objective of the development was shifted towards joining temperatures of only 
850 oC. Here “glass 31” was not longer optimal. The development had to start again, 
using the previous experience.  
 
First, a focus was laid on the crystallization rate control. Several glasses were melted 
and characterized with heating microscope and thermal analysis. A comparison of 
these characterization methods showed that glass with good joining properties at a 
given joining temperature Tj must have a start-of-sintering temperature definitely 
below Tj (1), a ball point temperature not too far above Tj (≈ 40 to 80 K) (2), a low 
wetting angle at T3 (3), and a crystallization velocity slow enough so that the 
spherical shape at T2 can form under a heating rate of 2 K/min (4). This means that 
the most important influencing factors for good sticking of a glass to a steel are a 
proper viscosity, a low surface tension, and a slow crystallization velocity (see 
chapter 8). 
 
For lowering the dilatometric softening temperature TD, several glass compositions 
were composed and investigated. “Glass 73” was chosen as a new sealant for a 
joining temperature at 850 oC. It had, however, a lower α than “glass 31”. For an 
improvement of the α, a systematic investigation was approached to the entire B-C-S 
system (with additions of 0, 5, and 10 wt. % Al2O3) in order to search for the optimum 
composition of the highest α with good sticking properties (chapter 9). The glass 
forming regions of the system B-C-A-S were investigated first. Additions of alumina to 
the B-C-S system increased the glass forming region, but also the celsian (BAS2) 
content leading to low α. For keeping this phase at minimum, additions of 5 wt. % 
were selected for further investigations. 37 glass compositions throughout the glass 
forming region of B-C-A-S system were then investigated. Glass compositions 
located within the area of high α, slow crystallization, and in the constitutional 
compound triangle BS2-B2S3-C2BS3 had a good potential for sealing. Six more glass 
compositions in this promising area were composed and investigated. After that, the 
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most promising one was selected for a final optimization with additional oxides similar 
to “glass 73”. “Glass S25” was found to be the most suitable sealant for the SOFC. It 
had very good sticking properties and gas tightness even after over 20 thermal cycles 
(cell size 5 x 5 cm2). A further variation of B2O3 and V2O5 contents in “glass S25” was 
also performed. 8 wt. % of B2O3 were found to be the optimum value for the flow 
behavior. A higher V2O5 content was found on the one hand to increase α, but on the 
other hand to decrease the sticking ability at a sealing temperature of 850 oC due to 
enhanced crystallization.  
 
A very challenging task consisted in the study of the long term stability of the 
promising glasses in terms of time constancy of the mineral phase contents, α, 
bonding strength, flow behavior, and stability against reactive evaporation in 
H2 + H2O atmospheres (chapter 10). This is to make sure that the materials do not 
change significantly during the long exposure times (up to 40,000 h) at 800 oC. 
“Glass S25” showed a slower crystallization velocity than “glass 73”. Its complete 
crystallization was reached after a treatment at 800 oC for 7 d instead of 24 h in 
“glass 73”. After complete crystallization, “glass S25” still had a favorably high           
α100-800, higher than “glass 73” (11.3⋅10-6 K-1 for “glass S25” and 10.9⋅10-6 K-1 for 
“glass 73”). The crystalline phases BAS2, BS2, and C2BS3 were detected in “glass 73” 
and BS2, B3S5, and B2ZS2 were found in “glass S25”. Stability against reactive 
evaporation of both glasses showed a low mass loss below 0.5 µg/(cm2⋅h) at the 
exposure time of 400 h at 800 oC and high water vapor pressure (P(H2O) = 0.2 bar). 
Crystalline samples had a two times lower mass loss than glassy samples. For the 
tensile strength tests (glasses/sand brushed steel 1.4742), “glass S25” had a high 
value of characteristic strength at 42.4 MPa compared to 35.9 MPa for glass 73. After 
exposure for 500 h at 800 oC, the characteristic strength of glass 73 dropped to 
7.9 MPa. 
 
Finally, the extremely narrow scientific basis found when approaching the problem of 
interfacial sticking between glass and high chromium steel was revisited. Wetting 
behavior and joining microstructure were investigated under a variation of several 
sealing parameters such as: steel surface condition, joining atmosphere, substrate 
type, and glass composition (chapter 11). Beside this, the long term sticking stability 
under different exposure times, temperatures, atmospheres, and surface conditions 
of steel substrate were also studied. 
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(Mn,Cr)3O4, Cr2O3 and FeO⋅Fe2O3 was found on sand brushed steel surfaces. This 
influenced the wetting properties between glass and steel. As can be seen from the 
experiments, wetability of glass to steel depended on the interfacial reactions and on 
the initial surface condition of the substrates. Strong interfacial reaction and a smooth 
initial surface were found to promote wetting, while an oxide film retarded it. The 
retardation effect caused either good or bad sticking depending on the type of 
interfacial reaction. The reaction between high viscosity glass and dense oxide layers 
caused poor sticking and poor thermal cycling ability. When oxide layers reacted and 
dissolved fast in the glass bulk, stronger bonds with good thermal cycling ability were 
established. By contrast, if the glasses had too fast crystallization velocity (low 
dissolution of the oxide layer), the formation of BaCrO3 or BaCrO4 occurred in the 
interfacial zone and caused a weak joint. Commercial polished steel 1.4742 had 
already a thin Cr2O3 film on its surface, which behaved as a protective layer against 
oxidation and reduction. The layer was dense and stable so that glass components 
could not diffuse fast enough through the layer so as to react with the steel. 
Therefore a weak bond of glass to steel, a poor sticking ability, and a thin interaction 
layer was obtained in this case. Aluminium contained in the steel could be oxidized 
fast to aluminium oxide and precipitated as spots or canal shapes near the metal 
surface under the oxide film. This oxide promoted adhesion between glass and steel 
if it only could react with the glass, which meant that glass should have a viscosity 
low enough to penetrate deeply into the porous oxide layer, or alternatively the oxide 
layer should dissolve quickly in the bulk glass. Otherwise, it would inhibit adhesion 
due to the mismatch of the α between crystalline glass, alumina, and steel. By a 
variation of atmospheres during sealing, the strongest bonds, indicated by the lowest 
wetting angles, thickest interfacial layers, and finally, a good thermal cycling, was 
achieved in strong reducing atmospheres (N2, Ar, N2+H2O, or Ar+H2O). 
 
Therefore, sealing conditions of a low viscosity glass (S25) with sand brushed steel 
surface (SB-1.4742) in a reducing atmosphere (wet and dry Ar or N2) at 850 oC are 
suggested to be the optimum parameters for the present state of development. 
 
So, for the time being, the present work produced a useful sealant glass by which the 
SOFC can be joined, and operated for sufficiently long times to check their long term 
performance. 
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14. Appendices 
 
Appendix 1 
 
Minor components of the glass formulae are allotted to form the following compounds. 
 
MnO⋅SiO2     CaO⋅TiO2    
BaO⋅La2O3     CaF2 
CaO⋅La2O3     BaO⋅SiO2 
La2O3⋅SiO2     2BaO⋅3SiO2 
BaO⋅Al2O3⋅SiO2     BaO⋅2SiO2 
ZnO⋅Al2O3     Li2O⋅Al2O3⋅4SiO2 
BaO⋅Al2O3     K2O⋅Al2O3⋅6SiO2 
MgO⋅Al2O3     K2O⋅2SiO2 
CaO⋅Al2O3     Na2O⋅Al2O3⋅6SiO2 
ZnO⋅B2O3     CaO⋅Al2O3⋅2SiO2 
BaO⋅B2O3     3Al2O3⋅2SiO2 
MgO⋅B2O3     CaO⋅SiO2 
CaO⋅B2O3     MoO3 
Na2O⋅2B2O3     Nd2O3 
MgO⋅SiO2     SrO⋅SiO2 
2ZnO⋅SiO2     Cs2O⋅2SiO2 
ZrO2⋅SiO2 
PbO⋅SiO2 
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Appendix 2 
 
Constitutional compound matrix of the systems B-C-A, B-C-S, B-A-S, M-A-S, C-A-S, C-M-S, and B-M-S  
B-C-A B-C-S B-A-S M-A-S C-A-S C-A-S C-M-S C-M-S M-B-S M-B-S 
BC2A4 S B2S S S CAS2 S CMS2 S BS2 
BA BS2 BAS2 MS CS A CS MS BMS3 BM2S2 
CA CS BA M2A2S5 CAS2 A3S2 CMS2 S BS2 BMS3 
          
BA6 BS2 BS2 MS CS CAS2 CS C2S S MS 
CA6 C2BS3 B2S3 M2S C2AS A3S2 CMS2 C2MS2 BMS3 BM2S2 
CA2 CS BAS2 M2A2S5 CAS2 S C2MS2 C3MS2 MS M2S 
          
BA BS2 B2S3 M2S CS ------------ CS ------------ BMS3 B2S 
CA B2S3 BS M2A2S5 C3S2  C3S2  MS M 
C3A C2BS3 BAS2 MA C2AS  C2MS2  BM2S2 B 
          
CA2 B2S3 BS M2S C3S2  C3S2  BM2S2 B2S3 
BA6 BS B2S M C2S  C2MS2  M2S B2MS2 
BC2A4 C2BS3 BAS2 MA C2AS  C2S  M BM2S2 
          
C3A C2S BAS2 M2A2S5 C2S  C2S  BM2S2 ------------ 
BA B2S BA6 A3S2 C3S  C3S  BMS  
C C A M4A5S2 C3A  M  M  
          
BA6 BS BAS2 M2A2S5 C3S  C3S  BMS  
BA C2BS3 A3S2 MA C  C  B3MS2  
BC2A4 B2S A M4A5S2 C3A  M  M  
          
CA2 C2BS3 S M4A5S2 C2S  C3MS2  B3MS2  
BC2A4 C2S BAS2 MA C3A  C2S  B2S  
CA B2S A3S2 A3S2 C12A7  M  M  
          
BA C2BS3 S A3S2 C2S  C2MS2  B2S  
B C3S2 BS2 MA C12A7  C3MS2  B2MS2  
C CS BAS2 A CA  CMS  B3MS2  
          
------------ C2BS3 BAS2 A3S2 C2S  CMS  B2MS2  
 C3S2 BA M2A2S5 C2AS  C3MS2  B3MS2  
 C2S BA6 S CA  M  BMS  
          
 B2S B2S ------------ C2AS  CMS  B2MS2  
 C BA  CA  M2S  BMS  
 B B3A  CA2  M  BM2S2  
          
 ------------ B2S  C2AS  C2MS2  BS  
  B3A  CA2  CMS  B2S  
  B  CA6  M2S  B2MS2  
          
  ------------  C2AS  C2MS2  BS  
    CA6  CMS2  B2S3  
    CAS2  M2S  B2MS2  
          
    CAS2  CMS2  BS2  
    CA6  M2S  B2S3  
    A  MS  BM2S2  
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Constitutional compound matrix of the systems C-Z-S, M-Z-S, A-Z-S, M-Z-A-S, C-Z-A-S, and C-M-A-S 
C-Z-S M-Z-S A-Z-S M-Z-A-S C-Z-A-S C-Z-A-S C-M-A-S C-M-A-S C-M-A-S C-M-A-S 
S S S S S CAS2 S CAS2 M2S C2S 
C2ZS2 MS ZA MS ZA C2AS A3S2 C2AS CMS C3MS2 
Z2S Z2S A3S2 Z2S Z2S CA6 CAS2 CS M M 
   ZA CAS2 ZA M2A2S5 C2MS2 MA MA 
S MS S        
C2ZS2 Z2S ZA S S CAS2 S CAS2 C2AS C2MS2 
CS M2S Z2S MS Z2S CS CAS2 C2AS CS CMS 
   M2A2S5 C2ZS2 C2AS CMS2 C2MS2 C3S2 M2S 
C2ZS2 Z Z2S ZA CAS2 C2ZS2 MS M2S C2MS2 C2AS 
Z2S Z2S ZA        
Z M2S Z S S CA6 S CAS2 C2AS ------------ 
   M2A2S5 C2ZS2 CA2 CAS2 C2AS C3S2  
C2ZS2 Z A3S2 A3S2 CS C2AS CS M2S C2S  
C2S M ZA ZA CAS2 ZA CMS2 MA C2MS2  
Z M2S A        
   M2A2S5 S CA2 S C2AS C2S  
C2ZS2 ------------ ------------ A3S2 ZA CA CAS2 CA C2MS2  
CS   MA CAS2 C2AS MS C2S C3MS2  
C3S2   ZA A3S2 ZA M2A2S5 MA C2AS  
          
CZS   A3S2 Z2S CA CAS2 CAS2 C2MS2  
C3S2   MA ZA C2AS M2S MS C3MS2  
C2S   A Z C2S M2A2S5 M2S CMS  
   ZA C2ZS2 ZA MA M2A2S5 C2AS  
C2S          
C   M2S A3S2 C2S A3S2 CAS2 C3S  
Z   Z2S ZA CA A CMS2 C3A  
   Z A C12A7 CAS2 C2MS2 C  
------------   ZA CAS2 ZA MA M2S M  
          
   M2S C2S C2S A3S2 CAS2 C2S  
   M2A2S5 C3A C12A7 CAS2 A3S2 C3A  
   MA C C3A M2A2S5 MA C3S  
   ZA Z ZA M4A5S2 A M  
          
   M2S C2S ZA A3S2 CAS2 C3A  
   M C2ZS2 C3A CAS2 A C2S  
   Z Z C2S MA MA C12A7  
   ZA ZA Z M4A5S2 CA6 M  
          
   MA CS C2ZS2 M2A2S5 CAS2 CA  
   M C3S2 Z2S M4A5S2 C2AS C2S  
   M2S C2ZS2 ZA MA CA6 C12A7  
   ZA C2AS CAS2 CAS2 MA M  
          
   MS C3S2 CAS2 CAS2 C2AS C2S  
   M2A2S5 C2S C2ZS2 CS CA2 C2AS  
   M2S C2AS C2AS CMS2 CA6 CA  
   ZA C2ZS2 ZA C2MS2 M M  
          
   MS CAS2 C2AS CAS2 CAS2 CMS  
   M2S CA6 C2S CMS2 CA C3MS2  
   Z2S A C2ZS2 MS CA2 M  
   ZA ZA ZA M2S M MA  
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Constitutional compound matrix of the systems C-B-A-S, C-M-B-S, and B-M-A-S 
C-B-A-S C-B-A-S C-B-A-S C-M-B-S C-M-B-S C-M-B-S B-M-A-S B-M-A-S B-M-A-S 
S C C2S S M2S BS2 S BAS2 B2MS2 
CAS2 B C12A7 CMS2 CMS B2S3 BAS2 BA6 BS 
A3S2 B2S C3A MS BM2S2 C2BS3 A3S2 A BAS2 
BAS2 B3A BA BMS3 M BM2S2 BMS3 MA B2S 
         
S C CS S B2S C2BS3 S BAS2 BM2S2 
CAS2 B2S C2BS3 CMS2 B B2S3 BS2 BA BMS 
CS B3A C3S2 BS2 M BS BAS2 BA6 M 
BAS2 BA BA BMS3 C B2MS2 BMS3 MA BA 
         
S B2S C3S2 S B2S BM2S2 S BM2S2 BM2S2 
BS2 BA C2BS3 CS C2S B2MS2 BMS3 BA BMS 
BAS2 BAS2 C2S BS2 C B2S3 A3S2 MA B2MS2 
CS C2BS3 BA CMS2 M C2BS3 M2A2S5 BAS2 BA 
         
CAS2 BAS2 C2BS3 BMS3 CS BM2S2 S MS B3MS2 
C2AS BA6 C2S BM2S2 C2MS2 BMS MS BMS3 B2S 
CS BA B2S BS2 C3S2 M BMS3 BM2S2 M 
BAS2 C2AS BA CMS2 C2BS3 C2S M2A2S5 M2A2S5 BA 
         
CAS2 A C2BS3 BMS3 C3S2 BM2S2 MS BMS3 B2MS2 
C2AS BAS2 BS2 BM2S2 C2MS2 B2S M2A2S5 BM2S2 B2S 
CA6 BA6 B2S3 MS C2S BMS M2S BS2 BMS 
BAS2 C2AS BAS2 CMS2 C2BS3 C2S BM2S2 BAS2 BA 
         
CAS2 A C2BS3 MS C3MS2 BMS M2A2S5 M2A2S5 BMS 
A3S2 CAS2 B2S3 M2S CMS B2S M2S A3S2 B3MS2 
A CA6 BS BM2S2 M M MA BMS3 M 
BAS2 BAS2 BAS2 CMS2 BM2S2 C2S BM2S2 BM2S2 BA 
         
CS C2S C2BS3 CMS2 C2S BM2S2 M2S B2S BM2S2 
C2AS C3A BS C2MS2 C3MS2 BS2 MA B3A M 
C3S2 C B2S M2S M C2BS3 M B BA 
BA BA BAS2 BM2S2 BM2S2 C2MS2 BM2S2 M MA 
         
C3S2 C2AS BAS2 CS CMS2 C3MS2 M2A2S5 B2S BAS2 
C2AS CA6 C2AS CMS2 C2MS2 C2MS2 MA B3A B2S 
C2S CA2 CS C2MS2 BM2S2 C2S M4A5S2 BA BA 
BA BA BA BS2 BS2 C2BS3 BM2S2 M BM2S2 
         
CS C2AS ------------ C2MS2 CS BAS2 M2A2S5 BS2 BM2S2 
BS2 CA2  CMS BS2 C2AS A3S2 BM2S2 BAS2 
C2BS3 CA  M2S C2BS3 CS M4A5S2 B2S3 A3S2 
BAS2 BA  BM2S2 C2MS2 BA BM2S2 BAS2 MA 
         
BAS2 C2AS  C2MS2 C2BS3 ------------ A3S2 BAS2 ------------ 
BA CA  C3MS2 C2MS2  M4A5S2 B2S3  
C2BS3 C2S  CMS C3MS2  MA B2MS2  
CS BA  BM2S2 BM2S2  BM2S2 BS  
         
C2S CA  C2MS2 C2BS3  A3S2 BAS2  
B2S C2S  C2S B2S  MA BM2S2  
C C12A7  C3MS2 C2S  A B2MS2  
BA BA  BM2S2 BM2S2  BAS2 B2S3  
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investigation of the glass forming regions 
(chemical compositions of investigated glasses in the systems B-C-A-S, and M-Z-A-S) 
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BCS1 - 54 46  BCAS1 - 51.30 43.70 5  BCAS23 - 48.6 41.4 10 
BCS2 17 43 40  BCAS2 16.2 40.9 37.9 5  BCAS24 15.3 38.7 36.0 10 
BCS3 28 29 43  BCAS3 26.6 27.6 40.8 5  BCAS25 25.2 26.1 38.7 10 
BCS4 35 29 36  BCAS4 33.3 27.6 34.1 5  BCAS26 31.5 26.1 32.4 10 
BCS5 51 16 33  BCAS5 48.5 15.2 31.3 5  BCAS27 45.9 14.4 29.7 10 
BCS6 57 12 31  BCAS6 54.2 11.4 29.4 5  BCAS28 51.3 10.8 27.9 10 
BCS7 63 8 29  BCAS7 59.9 7.6 27.5 5  BCAS29 56.7 7.2 26.1 10 
BCS8 65 - 35  BCAS8 61.8 - 33.2 5  BCAS30 58.5 - 31.5 10 
BCS9 62 3 35  BCAS9 58.9 2.9 33.2 5  BCAS31 55.8 2.7 31.5 10 
BCS10 56 8 36  BCAS10 53.2 7.6 34.2 5  BCAS32 50.4 7.2 32.4 10 
BCS11 53 11 36  BCAS11 50.4 10.4 34.2 5  BCAS33 47.7 9.9 32.4 10 
BCS12 48 11 41  BCAS12 45.6 10.4 39.0 5  BCAS34 43.2 9.9 36.9 10 
BCS13 51 6 43  BCAS13 48.5 5.7 40.8 5  BCAS35 45.9 5.4 38.7 10 
BCS14 52 - 48  BCAS14 49.4 - 45.6 5  BCAS36 46.8 - 43.2 10 
BCS15 42 - 58  BCAS15 39.9 - 55.1 5  BCAS37 37.8 - 52.2 10 
BCS16 38 14 48  BCAS16 36.1 13.3 45.6 5  BCAS38 34.2 12.6 43.2 10 
BCS17 28 18 54  BCAS17 26.6 17.1 51.3 5  BCAS39 25.2 16.2 48.6 10 
BCS18 33 6 61  BCAS18 31.4 5.6 58.0 5  BCAS40 29.7 5.4 54.9 10 
BCS19 10 29 61  BCAS19 9.4 27.6 58.0 5  BCAS41 9.0 26.1 54.9 10 
BCS20 - 36 64  BCAS20 - 34.2 60.8 5  BCAS42 - 32.4 57.6 10 
BCS21 47 - 53  BCAS21 44.7 - 50.3 5  BCAS43 42.4 - 47.6 10 
BCS22 44 5 51  BCAS22 41.8 4.8 48.4 5  BCAS44 39.6 4.6 45.8 10 
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MZS1 - 56 44  MZAS1 - 53.2 41.8 5  MZAS7 - 50.4 39.6 10 
MZS2 12 43 45  MZAS2 11.4 40.9 42.8 5  MZAS8 10.8 38.7 40.5 10 
MZS3 15 37 48  MZAS3 14.3 35.2 45.6 5  MZAS9 13.5 33.3 43.2 10 
MZS4 20 35 45  MZAS4 19.0 33.3 42.8 5  MZAS10 18.0 31.5 40.5 10 
MZS5 24 27 49  MZAS5 22.8 25.7 46.6 5  MZAS11 21.6 24.3 44.1 10 
MZS6 21 27 52  MZAS6 20.0 25.7 49.4 5  MZAS12 18.9 24.3 46.8 10 
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(chemical compositions of investigated glasses in the systems C-Z-A-S, and B-M-A-S) 
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CZS1 9 63 28  CZAS1 8.6 59.9 26.6 5  CZAS14 8.1 56.7 25.2 10 
CZS2 18 50 32  CZAS2 17.1 47.5 30.4 5  CZAS15 16.2 45.0 28.8 10 
CZS3 36 33 31  CZAS3 34.2 31.4 29.5 5  CZAS16 32.4 29.7 27.9 10 
CZS4 46 11 43  CZAS4 43.7 10.5 40.9 5  CZAS17 41.4 9.9 38.7 10 
CZS5 32 7 61  CZAS5 30.4 6.7 58 5  CZAS18 28.8 6.3 54.9 10 
CZS6 22 17 61  CZAS6 20.9 16.2 58 5  CZAS19 19.8 15.3 54.9 10 
CZS7 24 22 54  CZAS7 22.8 20.9 51.3 5  CZAS20 21.6 19.8 48.6 10 
CZS8 19 33 48  CZAS8 18.1 31.4 45.6 5  CZAS21 17.1 29.7 43.2 10 
CZS9 11 41 48  CZAS9 10.5 39.0 45.6 5  CZAS22 9.9 36.9 43.2 10 
CZS10 4 50 46  CZAS10 3.8 47.5 43.7 5  CZAS23 3.6 45.0 41.4 10 
CSZ11 - 83 17  CZAS11 - 78.9 16.2 5  CZAS24 - 74.7 15.3 10 
CZS12 34 - 66  CZAS12 32.3 - 62.7 5  CZAS25 30.6 - 59.4 10 
CZS13 57 - 43  CZAS13 54.2 - 40.9 5  CZAS26 51.3 - 38.7 10 
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BMS1 60 5 35  BMSA1 57 4.8 33.3 5  BMSA1 54.0 4.5 31.5 10 
BMS2 30 35 35  BMSA2 28.5 33.3 33.3 5  BMSA2 27.0 31.5 31.5 10 
BMS3 35 25 40  BMSA3 33.3 23.8 38.0 5  BMSA3 31.5 22.5 36.0 10 
BMS4 45 10 45  BMSA4 42.8 9.5 42.8 5  BMSA4 40.5 9.0 40.5 10 
BMS5 40 5 55  BMSA5 38.0 4.8 52.3 5  BMSA5 36.0 4.5 49.5 10 
BMS6 25 20 55  BMSA6 23.8 19.0 52.3 5  BMSA6 22.5 18.0 49.5 10 
BMS7 15 35 50  BMSA7 14.3 33.3 47.5 5  BMSA7 13.5 31.5 45.0 10 
BMS8 15 20 65  BMSA8 14.3 19.0 61.8 5  BMSA8 13.5 18.0 58.5 10 
BMS9 25 5 70  BMSA9 23.8 4.8 66.5 5  BMSA9 22.5 4.5 63.0 10 
BMS10 15 10 75  BMSA10 14.3 9.5 71.3 5  BMSA10 13.5 9.0 67.5 10 
BMS11 70 - 30             
BMS12 60 10 30             
BMS13 50 20 30             
BMS14 60 0 40             
BMS15 50 10 40             
BMS16 40 20 40             
BMS17 50 - 50             
BMS18 40 10 50             
BMS19 30 20 50             
BMS20 40 - 60             
BMS21 30 10 60             
BMS22 20 20 60             
BMS23 56 - 44             
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(chemical compositions of investigated glasses in the systems B-C-A, B-A-S, C-A-S, 
and C-M-S) 
co
de
s 
C
aO
 
Ba
O
 
Al
2O
3 
Si
O
2 
co
de
s 
C
aO
 
M
gO
 
Al
2O
3 
Si
O
2 
BCA1 5 65 30 - CAS1 28 - 39 33 
BCA2 25 50 25 - CAS2 37 - 20 43 
BCA3 50 25 25 - CAS3 48 - 12 40 
BCA4 50 10 40 - CAS4 53 - 4 43 
BCA5 30 30 40 - CAS5 39 - 11 50 
BCA6 10 50 40 - CAS7 23 - 14 63 
BCA7 5 50 45 - CAS8 11 - 24 65 
BCA8 5 40 55 - CAS9 9 - 20 71 
BCA9 10 30 60 - CAS10 7 - 17 76 
BCA10 30 10 60 - CAS11 48 - 48 4 
     CAS12 52 - 41 7 
     CAS13 48 - 42 10 
BAS1 - 55 24 21 CMS1 55 - - 45 
BAS2 - 65 17 18 CMS2 50 5 - 45 
BAS3 - 67 7 26 CMS3 31 21 - 48 
BAS4 - 58 10 32 CMS4 30 20 - 50 
BAS5 - 63 3 34 CMS5 36 12 - 52 
BAS6 - 49 9 42 CMS6 38 8 - 54 
BAS7 - 46 - 54 CMS7 35 1 - 64 
BAS8 - 38 11 51 CMS8 32 7 - 61 
BAS9 - 35 16 49 CMS9 22 25 - 53 
BAS10 - 33 10 57 CMS10 20 23 - 57 
BAS11 - 13 13 74 CMS11 19 19 - 62 
BAS12 - 22 17 61 CMS12 14 23 - 63 
BAS13 - 19 14 67      
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Appendix 6 
evaporation species of oxides containing in a sealant glasses 
oxides evaporation species 
BaO BaOH, Ba(OH)2 
CaO CaOH, Ca(OH)2 
ZnO Zn, ZnH3, ZnH, ZnO 
CoO Co 
PbO Pb2, PbO2 
NiO Ni, NiH, Ni(OH)2 
CuO Cu, Cu2, CuH 
B2O3 H3BO2, HBO2, (HBO2)3 
V2O5 V4O10, VO, VO2 
Al2O3 Al, AlO, AlO2, AlOH 
SiO2 SiO2, SiO 
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Appendix 7 
Calculation of constitutional compounds from the mixing series of 3 glasses: 2GW, no. 2 and 10GA 
compounds No. 2 28 29 30 31 32 33 10GA 
BAS2 - 15.54 15.43 16.20 17.09 18.08 5.49 - 
BS2 - 2.62 - - - - - - 
B2S3 90.56 81.84 50.03 31.56 9.72 - - - 
BS - - 12.70 17.14 22.53 8.99 - - 
B2S - - - - - 3.99 - 6.71 
BA - - - - - - 9.28 - 
C2BS3 - - 12.84 26.15 41.81 59.30 74.18 70.76 
CS - - - - - - 1.90 - 
C2S - - - - - - - 13.49 
MnO⋅SiO2 - - 1.11 2.23 3.58 5.08 6.65 9.04 
BaO⋅SiO2 - - - - - 4.56 2.50 - 
La2O3⋅SiO2 9.44 - 7.89 6.72 5.27 - - - 
total 100 100 100 100 100 100 100 100 
         
compounds 2GW 34 35 36 37 38 39 10GA 
BAS2 18.86 19.11 19.37 19.59 19.81 20.03 20.21 - 
BS2 - - - - 13.14 16.37 - - 
BMS3 - - - 1.40 - - - - 
BM2S2 - - - 5.22 - - - - 
B2S - - - - - - - 6.71 
CS - - - - - 4.85 - - 
C2BS3 - - - - - 7.42 46.83 70.76 
C2S - - - - - - 2.37 13.49 
CMS2 17.77 31.01 44.33 55.96 25.99 - - - 
C2MS2 - - - - 25.83 38.42 8.26 - 
C3MS2 - - - - - - 11.74 - 
MS 40.04 28.02 15.93 0.16 - - - - 
MnO⋅SiO2 - 1.42 2.86 4.12 5.30 6.41 7.55 9.04 
BaO⋅B2O3 7.14 10.77 14.45 13.55 9.93 6.50 3.04 - 
MgO⋅B2O3 9.34 5.43 1.45 - - - - - 
SiO2 6.85 4.24 1.61 - - - - - 
total 100 100 100 100 100 100 100 100 
compounds 2GW 40 41 42 43 44 45 no. 2 
BAS2 18.86 17.97 17.16 - 15.98 15.50 15.06 - 
BS2 - - - - 14.39 50.34 17.94 - 
B2S3 - - - - - - 46.92 90.56 
BMS3 - - 26.50 57.13 41.31 1.21 - - 
BM2S2 - - - 11.74 11.10 18.76 8.70 - 
CS - - - 4.16 2.92 1.84 0.83 - 
CMS2 17.77 13.90 10.47 - - - - - 
M2A2S5 - - - 8.19 - - - - 
MS 40.04 37.74 21.48 - - - - - 
BaO⋅B2O3 7.14 19.84 15.37 11.40 8.01 5.03 2.27 - 
MgO⋅B2O3 9.34 0.29 - - - - - - 
BaO⋅La2O3 - 2.46 4.63 - - - - - 
La2O3⋅SiO2 - - - 5.10 6.29 7.32 8.28 9.44 
A3S2 - - - 2.28 - - - - 
SiO2 6.85 7.80 4.39 - - - - - 
total 100 100 100 100 100 100 100 100 
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